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PREFACE 


This  Lecture  Series  No.  103  on  the  subject  of  Non-Destructive  Inspection  Methods  for 
Propulsion  Systems  and  Components  is  sponsored  by  the  Propulsion  and  Energetics  Panel  of 
AGARD  and  implemented  by  the  Consultant  and  Exchange  Programme. 

The  safety  in  use  of  mechanical  systems  is  dependent  on  the  identification  of  possible 
defects  in  their  component  parts.  This  particularly  applies  to  turbine  engines,  certain  compo- 
nents of  which,  especially  turbine  and  compressor  discs  and  blades,  are  subjected  to 
particularly  severe  stresses,  creep,  low  cycle  fatigue,  thermal  fatigue. 

These  potential  defects  must  be  detected,  on  the  one  hand  when  the  parts  are  at  the 
manufacturing  stage  and,  on  the  other,  during  periodic  inspections  in  service. 

It  is,  therefore,  essential  to  have  available  non-destructive  inspection  methods  which, 
while  they  are  accurate  and  sensitive,  can  be  used  in  the  workshop  for  the  detection  of  even 
minor  defects  and  cracks. 

A considerable  amount  of  research  work  has  been  done  throughout  the  world  in  this 
field  and  has  led  to  the  development  of  various  methods;  ultrasonic,  magnetometer.  X-ray. 
New  procedures,  which  are  complementary  to  these  now  conventional  methods,  are  in  process 
of  development  or  optimization;  acoustic  emission,  laser  holography,  eddy  cunenl  etc. 

The  aim  of  this  Lecture  Series  is  to  survey  the  means  currently  available,  with  particular 
emphasis  on  the  intrinsic  possibilities  and  present  limitations  of  the  non-destructive  inspection 
methods  most  widely  applied  to  turbine  engines,  and  to  describe  the  state  of  progress  of 
research  on  more  recent  methods. 
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INTRODUCTION 


Cette  Lecture  Series  N*  103  sst  stabile  dans  le  cadre  de  l'activitd 
da  "Propulsion  and  Snergstics  Panel",  et  du  "Consultant  and  Exchange  Programs" 
do  l'AGAHB. 

Ella  a pour  but  d* examiner  at  da  commenter  l'dtat  actual  de  l'art, 
et  lea  progr&s  prdvisibles  ou  attendua  dee  mdthodes  de  controls  non  destructif 
appliqudea  anx  pi&ces  de  turbomachinea  et  autrea  moteurs  thermiquea. 

La  realisation  de  cea  turbomachinea  ou  moteurs  thermiquea  de  hautee 
performances  ndceaaite  la  miae  an  oeuvre  de  matdriaux  et  techniques  de  plus 
en  plus  sophistiquda.  Le  plus,  le  niveau  de  sdcuritd  exigd  sur  lea  composants 
de  cea  materials  axige  das  techniques  de  contrflle  non  destructif  de  plus  en 
plus  dvoluees. 

Lea  ddfauta  & dd tec ter  sont  de  nature  et  d1 origins  di verses  : 

- ddfauta  de  fabrication  : 

- gdomdtriquea  : soufflures,  porosites,  retassures,  manques  de  liaiane , 

- aetallurgiques  s inclusions,  precipitations  grossieres  j 

- ddfauts  apparaissant  en  utilisation  s easentiellement  criques  ou  fissures  de 
fatigue,  de  fluage,  eventuellsment  zones  de  corrosion. 

One  unique  methods  de  contrSle  ne  pent  prdtendre  & alls  seule  rdvdler 
ou  identifier  aveo  la  mSme  efficacite  cea  differents  types  de  ddfauts  ; il  est 
done  important  de  pouvoir  disposer  d'une  gamma  de  mdthodes,  faiaant  appel  k dee 
principes  physiques  diffdrenta,  pouvant  Stre  utilisdea  oonjointement  ou  non 
suivant  le  type  de  ddfaut  k ddtecter,  et  le  degrd  de  sdcuritd  exigd  pour  le 
composant  ( et  ceci  sans  perdre  de  vue  le  coflt  de  ces  operations  de  contrSle. 

Certaines  de  ces  mdthodes  aont  ddji  anciennes,  made  font  souvent 
l'objet  de  perfectionnementa  incessants  ; on  peut  citer  en  particulier  ; 

- ultra-sons  t si  le  principe  gdndral  de  cette  mdthode  est  maintenant  bienconnu, 
des  nouveautds  apparaiasent  soit  au  niveau  du  palpeur  > largeur  de  bands 
utiliade,  arortissement  de  l'dldment  sensible,  soit  dans  la  definition  mdme  de 
la  mdthod)  te  contrSle  t imagerie  acoustique,  diffraction  ultra-sonore  ; 

- radiographie  j cette  mdthode  dgalement  tree  ancienne  connait  diffdrenta 
perfectionnementa  rdeenta  i amelioration  du  pouvoir  adpaxateur  par  utilisation 
de  material  microfooal,  augmentation  de  la  sensibilitd  des  films. 

L'autres  adthodes  sont  apparues  plus  rdeemment,  en  particulier  i 

- emission  acoustique  i la  difficultd  essentielle  de  cette  mdthode  rdside  dans 
1 'interpretation  des  signaux  sonoree  recueillia  s un  traitement  approprid  de 
oes  signaux  devrait  remddier  en  partis  k cat  handicap  ; 


/ 


- eouranta  induite  i oatta  adthode  aat  da  plua  an  plua  utllisde  pour  la 
vdrification  daa  aldaagss  | 

- holographic  laaar  dont  la  oiaa  an  oeuvre  an  ataliar  raata  ancora  ddlicate. 

Dana  la  eaa  daa  ddfauta  apparaiaaant  an  service,  il  aarait  dvidemnent 
souhai  table  da  pouvoir  ddtecter  laur  apparition  la  plua  tdt  poaaibla,  afin  da 
rdduire  la  risque  da  ruptura  par  ddveloppement  da  la  fiaeure,  at  dgaleaent 
d'alldger  la  frdquence  daa  operations  da  contrSle  ; una  analyaa  fina  daa 
anonaliaa  mdtallurgiquea  prdcddant  l'apparltlon  da  fissures  macroacopiquea 
eenble  pouvoir  ouvrir  una  nouvalla  philosophic  da  contrSla. 

Bifin,  la  auivi  an  utilisation  da  la  ddgradation  par  uaura  daa  organee 
mdcaniquea  paut  atra  effactud  an  snalysant  la  natura  at  la  forme  daa  ddbris 
d' uaura  racuaillia  dans  laa  circuita  hydraul iqueu  at  da  lubrification  ; cetta 
technique,  qui  pormet  da  privoir  laa  rupturea  d'organea  mdcaniquea  aprea  un  tauz 
d' uaura  determiud,  aat  ddji  utiliade  pour  lea  boltaa  da  tranaaiaaion  d'hdlicop- 
teraa,  at  paut  dtre  dtendue  auz  pideae  da  aoteura. 

II  aat  dvident  qua  laa  procddda  da  controls  ddorita  dana  catta  Lecture 
Series  ne  e'appliquent  pa a aaulaoant  uniquement  ouz  compoeanta  da  aoteura,  et 
turbomachinee,  at  peuvant  prdaantar  ou  prdaentent  da  l'intdrdt  pour  d'autree 
applications,  aaaentielleaent  dana  la  doaaine  adroapatial. 

Laur  efficecitd  at  laurs  dventuela  progrda  constituent  un  trda 
important  faoteur  de  la  adcuritd  d'utiliaation  da  caa  aatdriela. 


L'Xngdnleur  an  Chef  da  1 'Armament  BB3S0HNAT 
Lecture  Series  n*  lOJ'a  Director. 


INTRODUCTION 


This  Lecture  Series  N*  103  is  sponsored  by  the  "Propulsion  «d  Bcergetics 
Panel"  and  implemented  by  the  "Consultant  and  Exchange  Program”  of  AG  ABU. 

Its  aim  is  to  examine  and  comment  on  to-day's  state  of  the  art,  and 
the  foreseeable  or  hoped  progress  of  the  non-destructive  inspection  methods 
applied  to  the  turbine  or  pistons  engine.  The  manufacturing  of  these  kinds  of 
mechanical  systems  needs  the  use  of  more  and  more  sophisticated  materials  and 
processes. 


The  defects  it's  necessary  to  detect  are  of  various  kinds  and  various 

origins  : 

- manufacturing  defects  : 

- geometrical  defects  i blow  holes,  pores,  ahrinkages,  voids  ; 

- metallurgical  defects  : inclusions,  coarse  preoipitations  ; 

- defects  occurring  in  use  : mainly  fatigue  cracks,  creep  cracks,  occasionnally 
corrosion  areas. 

Only  one  method  can't  claim  to  detect  or  identify  all  these  kinds  of 
defects  with  the  same  effectiveness  ; so,  it  is  particulary  important  to  have 
one's  disposal  a large  range  of  methods  with  different  physical  bases  ; these 
testing  techniques  must  be  used  together  or  not  according  to  the  type  of 
defect,  and  the  safety  level  required  for  the  component  ; last  but  not  least, 
it's  opportune  to  take  the  cost  of  theso  operations  into  consideration  ! 

Some  of  these  proceduoes  are  already  established,  but  are  incessantly 
improved  upon  s 

- ultrasonio  emission  : this  technique  seemB  wellknown  to-day,  but  is  still  in 
improving,  either  the  transducer  ; broad  of  the  band,  damping  of  the  piezo- 
electric wafer,  or  the  process  Itself  : acouBtic  imaging,  ultrasonic 
diffraction  j 

- radiography  : this  technique  although  very  old  is  also  continually  being 
revised  s improvement  of  the  resolution,  :n  using  a microfocal  X-ray 
equipment,  and  raising  of  the  sensibility  of  the  films. 

Other  methods  have  been  born  more  recently  i 

- Acoustic  emission  : the  main  difficulty  is  not  to  listen,  but  to  understand 
the  sound  signals  ! So,  a probable  new  processing  of  the  signals  could  add 
to  this  disadvantage  ; 


- Eddy  currents  : this  technique  is  more  and  more  used  for  the  inspection  of 
holes  ; 

- Laser  holography  : the  possibility  to  use  it  in  a workshop  still  presents 
some  difficulties. 

Concerning  the  defects  arising  in  serrice  there  is  evidence  leading 
to  detection  of  defects  aa  soon  as  poaeiblet  in  the  aim  to  deorease  the 
possibility  of  rupture  after  the  growth  of  a crack,  and  also  to  reduce  the 
weight  of  the  periodic  inspections  ; this  seems  possible  with  a fine  analysis 
of  the  metallurgical  phenomenal  occurring  Just  before  the  growth  of  necro- 
scopies cracks. 

At  last,  the  control  in  service  of  the  wear  damaging  of  the  aechanical 
components  can  be  done  in  analysing  the  kind  and  the  geometry  of  the  wear 
debris  oolleoted  in  hydraulic  or  lubricant  fluids  ; with  this  technique,  it  is 
possible  to  foresee  the  break  of  these  components  after  a defined  level  of 
wear  ; this  procedure  is  already  used  about  ths  gear-boxes  of  .. ilicoptere,  and 
seems  to  be  extended  st  ths  engine  components. 

Of  oouras,  the  5.D.I.  method#  deeoribed  in  'hie  Lecture  Series  are  not 
only  available  to  the  engine  parts  or  pieces,  but  are  sometimes  applied  to 
other  mechanical  oompoasnta,  mainly  in  ths  aeronautical  or  space  technology 
field. 


Ths  future  improvements  in  safety  level  of  aircraft  propulsion 
aye  tame  vill  be  gained  through  the  affioienoy  and  progress  of  these  I.D.I. 
materials. 


L’Ingdnieur  en  Chef  de  lf Armament  BK3S0BHAT 
Lectures  Series  I*  103’s  Director. 
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STATE-OF-THE-ART  OF  NONDESTRUCTIVE  INSPECTION  OF  AIRCRAFT  ENCINES 

by 

D.  M.  Coma* aar 

Manager,  Aircraft  Engine  Quality  Technology 
General  Electric  Company 
Cincinnati,  Ohio  45215 
Mall  Drop  E-45 


The  continuing  emphasis  on  high  performance  aircraft  engines  over  the  past  20  years  has  required  that  non- 
destructive Inspection  methods  keep  pace  with  the  resulting  technology  growth  associated  with  the  design 
and  manufacture  of  these  power  plants.  The  use  of  higher  strength  alloys,  the  need  for  longer  life 
components  and  the  emphasis  on  lower  life  cycle  costs  all  require  th  it  the  components  in  the  power  plant 
be  more  fault  free  than  past  generation  engines. 

New  and  engine-run  hardware  requirements  are  such  that  not  only  is  the  detection  of  smaller  flaws  in  the 
range  of  .010'  (.256  mm)  required,  but  also  more  reliable  detection.  This  has  both  basic  process  as  well 
as  equipment  implications.  It  has  been  our  experience  that  an  Improved  understanding  of  the  basic  ND1 
processes  coupled  with  the  identification  of  necessary  technology  extensions  Is  required  In  order  to 
reduce  the  gap  between  the  desired  and  actual  flaw  detection  capabilities.  Additionally,  new  manufactur- 
ing technologies  continually  provide  a motivation  toward  more  effective  NDI  processes  for  hardware 
quality  control.  This  la  the  environment  we  are  dealing  with  as  an  aircraft  engine  manufacturer. 
Specifically,  this  discussion  is  aimed  at  describing  where  we  stand  today  In  applying  state-of-the-axt 
inspection  techniques  to  engine  components.  Focus  Is  on  major  engine  components  where  the  demands  are 
more  stringent. 

There  are  five  basic  NDI  disciplines  which  are  more  commonly  applied  to  engine  components,  namely  ultra- 
sonic, eddy  current,  fluorescent  penetrant,  radiographic  and  magnetic  particle  inspection.  There  are  a 
number  of  recent  advancements  in  the  ultrasonic  and  eddv  current  processes  as  well  as  Improvements  in  the 
fluorescent  penetrant  process  that  will  be  discussed.  These  advancements  are  primarily  in  the  equipment 
area  and  in  the  automation  of  the  Inspection  process  both  of  which  provide  improved  capability,  more 
reliable  inspections  and  also  a reduction  in  inspection  costs.  Major  advancements  have  not  been  seen  in 
the  application  of  radiographic  and  magnetic  particle  inspections  as  they  apply  to  aircraft  engine 
hardware.  Thus,  this  discussion  will  focus  on  improvements  in  the  ultrasonic,  eddy  cuirent  and 
fluorescent  penetrant  processes.  . Several  nonconvent ional  techniques  used  for  inspection  of  development 
hardware  will  also  be  discussed. 

Ultrasonic  Inspection 

Typically,  all  major  rotating  hardware  is  ultrasonically  inspected  as  it  enters  the  manufacturing  cycle. 
This  is  done  after  the  forging  has  been  rough  machined  into  rectilinear  shapes  with  a specified  envelope 
to  accommodate  the  inspection.  Current  production  systems  are  designed  to  handle  a 0.125"  (3.2  mm) 
envelope. 

A typical  system  in  use  today  is  shown  in  Figure  #1.  Mote  that  the  basic  motion  control  of  the  system  is 
provided  by  a numerical  control  machine.  Experience  has  shown  improved  inspection  consistency  with  the 
use  of  this  equipment.  The  numerical  control  tapes  which  direct  the  system  provide  the  following 
controls: 


- Constant  water  path. 

- Transducer  angulation  to  allow  longitudinal  and  shear  inspection  modes. 

- Part  contour  following. 

- All  required  scans  both  in  quantity  and  type. 

All  flaw  indications  are  recorded  for  each  part  on  a strip  chart  recording.  Accept /reject  decisions  are 
on  the  basis  of  signal  amplitude.  The  svstem  lust  described  has  been  in  successful  operation  since  1974. 

Several  innovative  improvements  have  been  introduced  into  these  systems  within  the  past  year  and  one-half. 
These  include  replacing  the  previously  used  APT  (Automatic  Programmed  Tools)  numerical  control  language 
with  one  which  better  describes  the  ultrasonic  inspection  process.  This  new  language  is  called  WRIPP  - 
which  stands  for  Wrenn’s  Interactive  Parts  Programming.  Figure  #2  shows  a comparison  between  the  APT 
and  Wrlpp  systems.  There  are  a number  of  features  of  the  WRIPP  system  which  are  shown  in  Figure  £3. 

With  the  APT  approach,  numerical  control  (N/C)  machine  programmers  prepared  the  N/C  tapes  in  a batch 
process  mode  which  took  an  average  of  one  week.  The  tapes  were  checked -out  wi_h  the  part  in  the  tank  as  in 
an  inspection.  Correction  of  the  tape  errors,  which  typically  ran.— 30X,  were  very  time  consuming. 

The  WRIPP  system  utilizes  a graphics  terminal  which  has  been  linked  to  the  electronic  part  definition  in 
the  Compjcer  Aided  Design  (CAD)  and  Computer  Aided  Manufacturing  (CAM)  systems.  Through  this  linkage,  the 
numerical  control  tape,  plus  the  inspection  scan  plan  and  complete  operator  instructions,  are  generated. 
This  is  done  interactively  in  approximately  two  hours.  The  WRIPP  system  features  simple  software  routines 
which  describe  the  ultrasonic  process  as  well  as  tape  checkout  routines  as  part  of  the  inspection  planning 
package.  Experience  since  introduction  of  the  WRIPP  system  has  been  excellent  with  less  than  IX  of  the 
tapes  generated  requiring  correction. 

The  system  just  described  utilizes  advancements  in  the  manufacturing  and  design  areas  through  Computer 
Aided  systems  (CAD  and  CAM)  and  interfaces  the  inspection  requirements  to  achieve  maximum  benefits. 

In  addition  to  newer  programming  techniques,  such  as  WRIPP,  advancements  have  been  made  in  part  contour 
following  techniques,  which  have  allowed  ultrasonic  inspection  technology  to  keep  pace  with  advanced 
material  process  technology.  This  material  processing  technology  is  now  presenting  shaped  (nonrect ilinear) 
hardware  to  the  inspection  process.  From  an  inspection  standpoint  there  are  significant  technology 
implications.  These  lie  in  both  the  instrumentation  and  transducers  required  to  achieve  near  surface 


resolution  In  the  range  of  0.030”  (1.28  on)  as  well  as  Improve-*  process  understanding  which  relates  the 
lens  effects  of  the  ultrasonic  beam  to  part  radii  down  to  0.500"  (12.7  mm).  Such  an  advanced  system  is 
currently  under  development  and  is  shown  in  Figure  #4.  This  system  features  advanced  Instrumentation 
and  part  following  techniques  as  well  as  the  following  capabilities: 

- Automatic 

o System  calibration, 
o Distance  amplitude  correction, 
o Correction  for  lens  effects  of  radii. 

o Flaw  angulation  technique  to  maximize  signal  response, 
o 0.050"  (1.28  ass)  near  surface  resolution, 
o Contour  following  of  r idll  down  to  0.500"  (12.7  mm). 

In  addition  to  new  Inspection  capability  and  the  Inherent  benefits  of  an  automatic  Inspection,  there  Is 
a projected  reduction  in  Inspection  time  of^~40J  when  this  system  is  introduced  In  early  1980. 

The  advancements  in  ultrasonic  technology  coupled  with  computer  technology  have  led  the  way  for  similar 
advancements  In  other  NDI  processes.  The  visible  gains  from  advancement  of  the  ultrasonic  process  have 
provided  an  Impetus  for  similar  work  with  both  the  fluorescent  penetrant  and  eddy  current  inspections. 

Fluorescent  Penetrant  Inspection  (FP1) 

Probably  the  most  widely  applied  nondestructive  inspection  In  the  aircraft  engine  industry  Is 
fluorescent  penetrant  Inspection.  While  this  technique  has  not  experienced  the  advancements  In  basic 
process  technology  that  ultrasonic  Inspection  has,  major  improvements  have  been  made.  These  Improve- 
ments have  made  this  process  a viable  candidate  for  automatic  inspection  techniques. 

One  of  the  more  recently  applied  Improvements  Is  In  the  area  of  hydrophilic  removers.  These  removers 
are  now  lr  wide  application  In  the  aircraft  engine  Industry.  Experience  has  shown  the  following 
Improvements  through  application  of  these  removers. 

- Improved  process  tolerance. 

- Less  background  fluorescence. 

- Cost  effective  dilute  solutions. 

The  reduced  background  fluorescence  obtainable  with  hydrophilic  removers  has  contributed  greatly  to 
Improved  Inspectablllty  while  enhancing  the  opportunity  for  automated  Inspection  techniques. 

Recent  Improvements  In  water  washable  penetrants  have  indicated  their  suitability  for  certain  engine 
components.  These  improvements  Include  Improved  process  tolerance  which  allows  application  In  a 
production  environment. 

Over  the  past  several  years,  a number  of  studies  were  conducted  to  determine  the  best  penetrant  system 
for  different  hardware  types  and  materials.  These  studies  were  conducted  on  test  blocks  of  different 
material  types  containing  a range  of  low  cycle  fatigue  cracks  generated  for  test  purposes.  The  block 
configuration  Is  shown  In  Figure  #5.  Tests  were  run  on  Iron,  nickel  and  titanium  based  alloys.  These 
blocks  were  used  to  generate  relative  flaw  detection  capability  over  a range  of  fluorescent  penetrant 
systems.  The  following  generic  penetrant  material  types  were  tested. 

- Penetrants 


o High  sensitivity  post  emulsification 
o Ultra-high  senslclvlty  post  emulsification 

- Emulsifiers 


o Hydrophilic 
o Lipophilic 

- Developers 

o Dry 

o Nonaqueous 

Figures  #6  and  #7  exemplify  the  type  of  data  obtained.  Figure  #6  shows  the  relative  effect  of  part  base 
material  on  detection  efficiency  using  an  ultra-high  sensitivity  penetrant  system.  Figure  #7  shows  the 
effect  of  developers  on  detection  efficiency  by  material  type  using  an  ultra-high  sensitivity  penetrant 
system.  This  type  of  Information  allows  the  best  match  of  FPI  system  and  part  Inspection  needs. 

Eddy  Current  Inspection 

The  two  previously  discussed  inspection  processes  are  broadly  applied  to  newly  manufactured  hardware. 
However,  eddy  current  inspection  has  been  found  most  suitable  for  service-run  hardware.  There  are  a 
number  of  reasons  why  eddy  current  inspection  has  been  successfully  applied  to  service-run  hardware; 
these  stem  from  differences  In  the  basic  requirements  for  new  and  service-run  hardware.  Typical 
differences  Include: 


HEW 

SERVICE-RUN 

- Where  the  process  is  applied 

In-process  shspes 

Final  part  shape 

- The  type  and  size  of  flaws 

Material  and  process 

Fatigue  cracks  - small 

related  flaws  - 
typically  larger  flaws 

cracks  In  compression 

- Location  of  the  flaws 

Subsurface  and  surface 
flaws 

Surface  flaws 

- Inspection  coverage  required 

Bulk 

Local  inspection  of 

- Ultrasonic 

critical  areas  and  bull 

- FPI 

- FPI 

In  considering  the  requirements  for  service-run  hardware,  eddy  current  inspection  has  been  found  by 
experience  to  be  the  most  readily  adaptable  method  to  meet  the  majority  of  the  requirements. 

A number  of  more  recent  advancements  have  occurred  in  eddy  current  inspection.  A major  motivation  for 
these  improvements  has  been  the  increasing  widespread  application  of  this  technique  to  aircraft  engine 
hardware.  This  coupled  with  the  continuing  demand  for  improved  flaw  detection  has  provided  impetus  for 
Improved  capacity. 

Eddy  current  inspection  has  demonstrated  relatively  high  flaw  detection  capability  in  comparison  with 
other  NDI  processes.  Figure  #8  depicts  the  relative  capability  of  surface  inspection  techniques  as 
demonstrated  on  low  cycle  fatigue  (LCF)  cracked  specimens  of  titanium  material.  These  cracked  specimens 
were  the  sane  as  described  in  the  FPI  studies. 

While  eddy  current  is  very  geometry-adaptable  as  shown  in  Figures  #9,  #10  and  #11,  the  signal  response 
can  be  affected  by  geometry.  This  geometry  condition,  which  In  earlier  work  Impeded  clear  interpretation 
of  the  signal  response,  led  to  advancements  in  the  area  of  signal  processing.  Figures  #12  and  #13  show 
signal  response  on  several  types  of  flaws  before  and  after  signal  processing.  Note  the  clarity  of  flaw 
interpretation  after  the  signal  has  been  electronically  processed  to  remove  low  frequency  components. 

The  instrumentation  found  most  suitable  to  our  applications  is  the  Impedance  plane  type.  A typical 
vector  diagram  is  shown  in  Figure  #14.  This  type  of  instrumentation  facilitates  separation  of  flaw 
information  as  shown  in  the  two  channel  strip  charts  in  Figures  #12  and  #13. 

Like  ultrasonic  inspection,  there  are  many  opportunities  for  improvement  of  the  eddy  current  process  as 
it  is  currently  manually  applied.  Technology  advancements  are  required  to  achieve  these  improvements. 
These  reside  in  such  things  as  having  a computer  compatible  eddy  current  instrument,  automated  motion 
control,  computer  controlled  steup,  inspection  and  data  analysis  as  well  as  a better  understanding  of 
eddy  current  field  and  flaw  interpretations. 

Development  Inspection  Methods 

Several  development  inspection  methods  used  primarily  on  nonproduction  hardware  are  laser  holography  and 
infrared  thermography.  The  holographic  technique  is  typically  applied  as  in  Figure  #15  to  determine 
vibrational  patterns  of  development  hardware.  The  infrared  technique  can  be  used  as  in  Figure  #16  to 
determine  unbond  conditions.  Also,  microfocus  X-ray  and  high  frequency  ultrasonic  presents  methods  of 
flaw  detection  for  special  cases  where  very  small  flaws  (<^.010",  .256  mm)  must  be  found. 


In  summary,  over  the  past  several  years,  nondestructive  inspection  has  received  ever  increasing  emphasis 
at  General  Electric  - Aircraft  Engine  Group.  This  emphasis  is  driven  by  new  material  and  process 
technology,  the  need  for  longer  life  engine  components  and  the  emphasis  on  lower  life  cycle  costs. 
Productivity  provides  another  driver  and  further  impetus  toward  automatic  inspection  features.  While 
automation  endeavors  are  for  the  most  part  still  in  their  infancy,  significant  advancements  in 
inspection  process  technology  have  been  made.  These  advancements  predominate  in  the  ultrasonic  process 
with  major  gains  In  the  eddy  current  and  fluorescent  penetrant  processes. 
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APT 


WRIPP 


o Ease  of  Application 


o Planning 


o Process  Verification 


Motion  defined  based 
on  conic  sections 

All  notions  must  be 

SPECIFICALLY  DEFINED 


Generated  by  hand 


- Output  checked  by 

CALCULATIONS  OR 
TRIAL  WITH  PART 
IN  TANK 


- Scans  defined  by  simple 

START  AND  STOP  POINTS 

- Only  speed  and  mode 

REQUIRED 


Automated  scan  plans, 
operating  sheets, 

PLANNED  TIMES 


- Output  displayed  and 

VERIFIED  GRAPHICALLY 

- Immediate  feedback  via 

GRAPHICS  DISPLAY 


Fig.2  Comparison  of  APT  and  WRIPP  in  key  areas 


o Interactive  Graphics  System  for: 

- Definition  of  part  configuration  via  CAD/CAM  or  interactively 

- Definition  of  scanning  requirements 

- Generation  of  numerical  control  tape  image 
Generation  of  operator  paperwork 


o Additional  System  Features: 


Graphic  display  of  manipulator  motion  for  tape  verification 


Ready  access  for  tape  corrections  or  additions 


Interfaced  with  overall  CAD/CAM  system 


Fig.3  Features  of  WRIPP  system 


Fig.8  Companion  of  the  typical  detection  performance  of  eddy  current  inspections 
with  other  surface  sensitive  processes 
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Fig.  1 4 Impedance  plane  or  vector  diagram  of  electrical  conductivity 


Fig.  1 5 Epoxy  graphite  blade  nickel  cladding 


Fig.  1 6 Nickel  base  alloy  lap  braze  joint 
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SUMMARY 


This  paper  examines  the  practical  problem  of  achieving  adequate  resolution  In 
the  broad  field  of  radiography  (x-rays,  gaaaa  rays  and  particle  radiations)  In  the 
aero-engine  Industry.  The  Interpretation  of  any  Industrial  radiograph  Is  a 
subjective  process,  involving  the  human  eye  and  the  experience  and  skill  of  the 
viewer.  Although  aany  automated  and  programmed  Interpretation  systems  have  been 
postulated,  there  still  remains  a basic  need  to  produce  radiographic  images  which 
are  sharply  defined,  so  chat  the  information  contained  in  them  can  be  analysed 
more  readily  by  either  man  or  machine. 

Mlcrofocal  x-ray  equipment  which  in  certain  circumstances  can  achieve 
considerably  enhanced  resolution  Is  discussed  and  emphasis  In  the  paper  is  placed 
on  the  application  of  these  small  x-ray  sources  to  aero-englne  components.  These 
newer  techniques  allow  small  defects  to  be  resolved  which  hitherto  have  been 
undetectable  when  using  conventional  x-ray  techniques. 

I.  INTRODUCTION 

These  lecture  notes  are  concerned  with  the  Interaction  between  two  successful  scientific  and 
technological  stories;  the  explosive  development  In  aero-space  design  and  the  impact  of  x-radlography . 
The  former  has  developed  from  the  crude  beginnings  of  the  flying  machine  at  the  turn  of  the  century  to 
the  technological  achievements  of  supersonic  flight.  The  latter  concerns  the  accidental  but  brilliant 
discovery  of  x-rays  in  the  same  era  which,  apart  from  providing  a vital  tool  In  medicine,  now 
contributes  significantly  In  maintaining  the  low  incidence  of  failure  experienced  with  modern  air 
transportation. 

Radiography  was  used  on  aircraft  as  long  ago  as  [1]  the  1914-1918  war  when  wooden  propellors  were 
examined  for  the  presence  of  cracking  and  other  flaws.  When  in  the  1920* s aluminium  alloys  were  first 
used  for  casting  pistons,  cylinder  heads  and  crank  cases,  radiography  had  arrived  into  the  industry. 
It  was  not  until  the  1940* s however  that  radiography  was  rightfully  acknowledged,  by  the  inauguration 
of  written  codes  and  standards,  as  a useful  and  practical  technique  to  ensure  the  soundness  of 
components  used  In  aero-engines. 

In  the  UK  a system  was  initiated  In  1939  by  the  then  named  Aeronautical  Inspection  Directorate 
(AID)  now  named  Aeronautical  Quality  Assurance  Directorate  (AQD)  which  examined  and  approved  those 
engaged  in  the  radiography  of  aircraft  components.  Part  of  the  same  approval  scheme  evoked  the 
requirement  not  only  of  assessing  the  man  but  also  the  equipment  and  facilities  at  his  disposal.  The 
correct  application  of  an  appropriate  and  meaningful  x-ray  technique  was  realised  even  then  to  be 
of  paramount  importance  If  castings  and  weldments  are  to  be  confidently  examined  for  the  presence  of 
internal  flaws.  Not  only  is  assurance  needed  that  the  correct  technique  is  applied  but  also  that  the 
sampling  frequency  is  commensurate  with  the  Importance  of  the  component. 

For  many  components  today  a 100X  radiographic  Inspection  is  mandatory.  Modern  practice  in  the 
aero-englne  manufacturing  industry  Is  that  radiographic  acceptance  standards  are  only  established  after 
agreement  has  been  reached  by  teams  comprising  many  disciplines  within  the  industry.  These  include 
representatives  of  the  development,  engine  design,  stress,  quality  control  and  production  departments. 
The  metallurgial  laboratory  is  also  involved  and  (often  belatadly)  the  non-destructive  testing 
department;  this  latter  often,  in  the  event,  provides  the  best  communication  link  between  the 
disciplines. 

The  inspection  role  of  industrial  radiography  In  the  manufacture  of  components  is  well  known  in 
the  industry  but  radiography  has  other  lesser  known  but  important  roles.  It  features  from  the 
conception  of  the  design  of  an  engine,  through  the  many  scheduled  maintenance  inspections  and  is  often 
used  as  an  investigatory  tool  In  the  unhappy  event  of  premature  failure. 

These  stages  which  are  presented  In  Table  1,  are  Indicative  of  the  scope  and  worth  of  radiography 
in  the  aircraft  industry. 


Tgblg  1 


Scope  of  radiography  In  the  agro-engine  industry 


Stage 

Applications 

1. 

Da.lgn/Dcv.lopaent 

Dynamic  radiography  of  engines 
Fluoroscopy  of  casting  processes 

2. 

Materials  & Component  Research 

A Development 

Metallurgical  saaples. 

Special  welding  technique*. 

Aaseablles 

3. 

Manufacture 

Quality  Control  of  weldments, 
sstlngs  and  assemblies 

*. 

Maintenance 

Detection  of  corrosion  4 cracking  at 
inaccessible  sites  within  an  engine 

5. 

Failure  analysis 

Examination  prior  to  destructive 
tests  etc. 

A aodem  gas  turbine  consist*  of  many  thousands  of  Individual  components.  These  can  be 
Manufactured  In  a wide  variety  of  materials,  they  vary  considerably  In  size  and  complexity  and  are 
built  using  sany  differing  manufacturing  processes.  Many  of  the  components  are  highly  stressed  and  the 
operating  teaperatures  range  from  -40 °C  to  greater  than  1000°C.  Critical  crack  lengths  can  vary 
froa  a few  Millimeters  down  to  a few  microns.  Acceptable  porosity  levels  or  any  other  flaws  In 
castings  and  weldments  can  also  vary  considerably. 

Many  of  these  components  are  successfully  examined  for  Che  presence  of  defects  with  standard  x-ray 
or  other  non-destructive  testing  methods  but  there  are  some  that  require  more  specialised  techniques 
and  work  is  still  continuing  on  their  development  and  introduction. 

Other  NDI  methods  of  course  play  an  important  part  but  the  role  of  radiography  is  still  a 
considerable  one  despite  the  emphasis  sometimes  placed  on  the  development  of  its  alternatives.  The 
components  that  are  radiographed  during  the  manufacture  of  an  engine  are  listed  below  so  that  the 
extensive  role  cf  radiography  in  this  sphere  can  be  appreciated. 

Table  2 


Aero  engine  components 


Static  Components 

Casing. 

Welds  in  structural  members,  large 
complex  fabrications,  wrought  and  caat 
Materials. 

Combustion 

chambers 

Welded  fabrications  in  nickel  based 
heat  resistant  alloys. 

Guide  vanes 

Castings  and  fabrication  weldments. 
Materials:  Composites,  aluminium 
titanium,  steels,  nlckel/ccbalt  alloys. 

Dynamic  Components 

Turbine 

blades 

Investment  castings  with  complex  cooling 
channel  configurations. 

Auxiliary  Components 

Auxiliary 

Components 

Welds  and  brazes  in  fuel  and  hydraulic 
systems.  Cast  tee  and  elbow  joints. 
Electrical  assemblies  etc. 

X-rays  and  gamma  rays  have  established  themselves  in  Industry  because  of  their  ability 
conveniently  to  penetrate  solid  objects  and  to  produce  a two  dimensional  pictorial  record.  Their  wide 
acceptance  for  inspection  in  the  aircraft  industry  is  not  only  due  to  this  recording  ability  but,  for 
many  applications , they  can  be  more  economic  than  complementary  techniques.  As,  for  Instance,  an 
alternative  to  stripping  down  an  assembly  to  allow  visual  inspection;  thereby  saving  many  manhours. 

When  the  simple  arrangement  of  radiography  is  considered  (i.e.  a radiation  source,  an  object  and  a 
film)  there  Is  little  wonder  that  radiography  is  acclaimed  as  the  foremost  method  of  examining 
interiors.  Although  to  produce  a radiograph  is  a relatively  simple  operation,  the  demands  of  obtaining 
a radiograph  of  adequate  defect  sensitivity  are  such  that  a large  number  of  variables  (Flg.l)  has  to  be 
considered  and  where  possible  controlled.  Radiography  also  demands  a knowledge  of  the  components  and 
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the  processes  that  are  used  in  manufacturing  the  component  to  decide  on  the  type  and  the  possible 
locations  of  defects  that  may  occur.  In  maintenance  inspections  the  conditions  that  may  lead  to  wear, 
corrosion  or  cracking  also  should  be  known  so  that  the  sites  are  identified  where  defects  may  be  found. 
Without  a broad  knowledge  of  these  problems  the  conditions  of  the  radiographic  technique  cannot  be 
properly  optimised. 

The  quality  and  standards  of  radiographic  inspection  used  in  the  aircraft  Industry  are  such  that 
it  could  be  claimed  that  high  resolution  radiography  is  the  norm  rather  than  the  special  case.  All 
radiographs  must  obviously  be  of  an  adequate  quality  to  allow  sensible  interpretation.  The  resolution 
therefore  must  also  be  adequate  for  the  purpose  intended,  l.e.  It  must  be  capable  of  resolving  the 
desired  details  in  the  component  or  assembly.  Another  definition  of  resolution  will  be  given  later  In 
photographic  or  radiographic  terms,  but  in  general  terms  resolution  can  also  mean  simply  the  resolution 
of  a flaw  in  a component.  Achieving  adequate  resolution  in  all  aspects  of  aero-engine  radiography  is 
both  an  art  and  a science  and  should  be  recognised  as  such.  These  notes  will  therefore  review  and 
comment  on  the  general  problem,  but  emphasis  will  be  on  the  application  of  minute  sources  of  radiation 
and  the  results  that  have  been  obtained  using  them.  It  must  be  realised  that  there  are  many 
applications  of  radiography  both  in  the  production,  and  particularly  in  the  maintenance,  of  aero 
engines  when  the  results  achieved  are  anything  but  high  resolution,  but  can  be  useful  nevertheless.  A 
few  examples  will  be  given  where  radiographs  need  sometimes  to  be  taken  under  unfavourable  conditions; 
even  so,  with  due  consideration  to  the  principles  Involved,  adequate  resolution  can  often  be  achieved 
thereby  making  radiography  a viable  technique. 

High  definition  radiography  will  be  specifically  discussed  because  it  is  an  x-ray  technique  which 
has  recently  emerged  and  is  gaining  ground  as  a viable  inspection  tool  used  to  ensure  the  quality  of 
some  aero-engine  components. 

2.  PRINCIPLES 

At  this  stage  some  of  the  well  known  (and  relevant  In  this  context)  principles  of  radiography 
should  be  briefly  reviewed  and  also  some  of  the  terms  that  are  used  should  be  defined  to  allow  the 
problems  of  producing  high  resolution  radiographs  to  be  explained. 

Electromagnetic  radiation  (such  as  x and  gamma  rays)  travel  in  straight  lines,  they  are  attenuated 
by  matter  depending  on  the  types  of  material  and  the  thickness  of  the  material  and  they  can  be 
detected,  usually  by  film.  When  the  latent  Image  on  the  film,  caused  by  the  photons  emerging  from  the 
sample,  is  developed  by  a chemical  process  a radiograph  is  produced.  The  radiograph  is  then  a two 
dimensional  array  of  varying  photographic  densities  revealing  structural  details  within  a solid 
Specimen.  The  sharpness  of  the  shadows  thus  produced  depend  on  the  effective  size  of  the  target  (focal 
spot)  within  the  x-ray  tube  (or,  in  the  case  of  a radiographic  Isotope,  the  effective  size  of  the 
metallic  pellet). 


The  sharpoess  (Fig. 2)  alio  dapcnd*  oo  tha  relationship  between  tha  ratio  of  dlatancaa  a/b  where; 

a tha  dlaeanca  fro*  focal  apot  to  object 

and  b tha  dlatanca  for  object  to  flla. 


figure  2 


It  la  daalrable  therefore  for  the  dealgnera  of  conventional  x-ray  equlpaent  to  alnlalae  the  effective 
alze  of  the  focua  but  thla  can  only  be  achieved  by  • subsequent  reduction  In  lntenelty.  Llnlts  on  tube 
loading  are  lapoaed  by  the  Belting  teaperature  r.f  the  target  aaterlal.  Using  exceealve  dlatancea 
between  the  focua  and  the  flla  (FFD)  to  laprove  aharpneaa  leada  to  longer  expoeure  tlaea,  aa  the 
lntenelty  (1)  decreases  Inversely  with  the  square  of  the  distance.  Conventional  x-ray  sets  for 
Industrial  use  normally  have  effective  focal  apot  sixes  of  between  (l.S  aa  x l.S  aa)  to  as  high  as 
(6  aai  x 6 as).  Radioisotopes  froa  (0.5  aa  x 0.5  aa)  to  (17  aa  x 17  aa). 

Sharpe  [ 2 ] has  pointed  out  that  ‘although  the  aaxlaua  current  of  electrons  which  produce  the 
x-ray  beaa  la  necessarily  lower  with  extreaely  snail  spots  the  current  density,  or  brilliance,  of  the 
source  can  be  aade  very  such  greater  without  damaging  the  target  by  overheating*.  The  loading  of  a 
wide  range  of  x-ray  tubes  Is  graphically  presented  In  Fig. 3. 
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Figure  3 


Retain*  power  ratings  to  focal  spot  diameters  for  various  types  of  X-ray  tub* 


2. 1 Magnification 


Enlarged  Inages  can  be  obtained  by  placing  the  apeclaen  away  from  the  flla,  at  aoae  poeltlon 
between  the  focus  and  the  flla.  The  aagnlflcatlon  (a)  la  given  by: 

a ■»  b 


As  the  distance  froa  the  flla  to  the  apeclaen  Increases  so  also  does  the  unsharpness  (Ug)  due  to 
geometry  Increases.  As  a consequence  the  Halt  on  the  degree  of  projective  enlargement,  whilst 
retaining  good  definition  of  detail,  is  laposed  by  the  large  foci  of  conventional  x-ray  tubes. 
Therefore  the  saaller  the  focal  spot  can  be  aade,  the  greater  the  aaount  of  prlaary  aagnlflcatlon 
possible  (see  Fig. 2). 

2*2  laage  quality 

In  the  field  of  optics,  resolution  Is  used  as  a term  to  describe  the  ability  of  a systea  to 
separate  similar  adjacent  objects.  The  British  Standard  which  defines  radiographic  terms  [3]  quotes 
specific  resolution  as: 

“The  smallest  distance  between  recognisable  Images  on  a film  or  screen.  It  aay  be  expressed  as 
the  nuaber  of  lines  per  millimeter  which  can  be  seen  as  discrete  laages.' 

Definition  Is  another  term  that  Is  used  In  radiography.  It  is  used  qualitatively  and  refers  to 
the  sharpness  of  Image  detail  on  a radiograph. 

In  Industrial  radiology  circles,  radiographic  contrast  Is  understood  to  be,  the  relative 
brightness  of  two  adjacent  areas  in  a radiograph.  Vhereas  film  contrast  Is  the  effect  of  the  flla' a 
characteristics  on  radiographic  contrast,  which  Is  given  by  the  slope  of  the  characteristic  curve  of 
the  flla  at  the  relevant  density. 

2.3  Radiographic  contrast 

X-rays  and  gaama  rays  are  both  electromagnetic  radiation  having  wavelengths  shorter  than  10~^cms. 
X-rays  are  extranuclear  In  their  origin,  and  they  are  produced  by  accelerating  a stream  of  electrons  on 
to  various  metal  targets  (usually  tungsteu)  thus  producing  photons  by  deceleration  and  other  Inter- 
actions with  electrons  that  orbit  the  nucleus  of  the  target  atoas. 

Gaama  rays  however  are  emitted  by  atoalc  nuclei  in  a state  of  excitation  and  often  occur  In 
association  with  the  eatsslon  of  alpha  and  beta  particles. 

Thus,  on  the  one  hand  we  have  x-ray  machines  and  on  the  other  hand  gamma  ray  sources  (radioactive 
Isotopes),  which  are  small  encapsulated  metallic  pellets  which  have  been  Irradiated  with  neutrons  and, 
so  excited,  give  off  gaama  rays. 

There  are  various  scattering  and  absorption  processes  which  account  for  the  total  attenuation  of 
these  radiations  but  It  la  only  necessary  here  to  consider  that  both  x-rays  and  gamma  rays  are 
attenuated  by  matter  exponentially  and  that  the  Intensity  (1)  Is  usually  written: 

I - 1 .VP** 

o 

When  1Q  « Intensity  of  original  beam 

and  p/p  * mass  attenuation  coefficient  (cm2/ga). 

p ■ density  (gn/cm-*) 

x ■ section  thickness. 

The  x-ray  spectrum  can  be  considered  continuous  Fig. 4 and  the  ainlmua  wavelength  ( X min)  can  be 
varied,  through  the  operating  range  of  the  x-ray  device,  by  varying  the  potential  (kllovoltage)  between 
the  cathode  and  the  anode  (electron  ealttlng  filament  and  the  target).  Therefore,  attenuation 
coefficients  can  be  varied,  thus  affecting  the  Intensity  differentials  with  small  increaental  thickness 
variations  - Introducing  either  an  Increase  or  decrease  in  radiographic  contrast. 

The  energy  spectrua  froa  a radioactive  source  unlike  that  of  the  x-ray  source  spectrum,  Is  not 
continuous  Fig. 5 . Each  radioactive  Isotope  Is  characterised  by  spectral  lines  of  fixed  energies. 
Therefore  It  Is  only  possible  to  alter  the  radiographic  contrast  by  changing  the  flla  (or  the 
processing  technique)  or  aore  fundamentally,  by  selecting  a different  Isotope  within  a Halted  choice, 
Table  3.  Gaaaa-ray  sources  are  also  less  intense  than  x-ray  sources  and  exposure  tines  can  be 
considerably  longer  than  x-ray  exposures. 

By  the  foregoing  It  la  obvious  that  the  contrast  obtained  on  a radiograph  depends  on  the  energy  of 
the  radiation.  With  the  noraal  range  of  thicknesses  encountered  on  engine  coaponents  greater 
radiographic  contrast  can  usually  be  attained  using  x-rays.  The  energy  can  be  conveniently  varied  to 
suit  the  particular  thickness  at  hand. 


Illustrating  the  continuous  spec  t run  of  X-rays  and  the  distribution 
of  Intensity  irtth  wavelength  for  differing  x-ray  tube  voltages 


Figure  3 

Energy  apectra  of  3 gama-ealttlng  radioisotopes  used 
in  Industrial  radiography 

Table  3 

Isotopes  available  for  Industrial  radiography 


Radioisotope 

Cobalt  60 

Irldlua  192 

Thuliua  170 

Ytterblua  169 

Half  life 

5.26  years 

74  days 

127  days 

31  days 

Gaaw  energies 
(MeV) 

1.17,  1.33 

0.3  - 0.61 

0.052  - 0.084 

0.063  - 0.3 

Thickness  for 
radiography 

Steel  (asO 

50-150 

10  - 70 

2.5  - 12.5 

2.5  - 25 

Other  aaterials  g/ea^ 

*0  - 130 

8-50 

5 - 12.0 

5-20 

The  laage  contrast  In  a radiograph  can  be  vrltten  as: 

0.43  - n2)  Ox. C 

1_rVi^ 


Contrast  * 


3-7 


Ml.t«  Ml 

Ax 

C 


attenuation  coefficient  of  eeaple 
attenuation  coefficient  of  defect 
thickneee  of  defect  In  direction  of  beaa 
flla  gradient. 


The  build-up  factor  (1  + 1,/Iq)  la  non-laage  forming  acattered  and  secondary  radiation  generated 
within  the  aaaple. 

3.  ADVANTAGES  OF  PROJECTION  RADIOGRAPHY 


The  case  for  projective  radiography  la  made  by  Reynolds  (.  4 J in  which  the  Increase  In  radiographic 
contrast,  which  Is  attained  by  Increasing  the  distance  between  speclaen  and  the  flla,  la  expressed  as  a 
quantifiable  tens. 

The  saallest  separation  x resolvable  la  Halted  by  the  penuabral  effect  and  In  a aaaple  Irradiated 
by  a source  of  diaaeter  f la  given  by 


where  the  focus  to  object  distance  Is  a and  the  object 
attainable  resolution  Is  achieved  for  the  case  of  b — * 0, 
resolution  can  be  aade  as  fine  as  we  please  by  Increasing 
the  source  and  the  tlae  allowed  for  the  exposure. 

For  projection  systeas  where  a — * 0,  the  penuabral  effect  Halts  the  resolution  x to  the  value  of 
f and  the  use  of  aicrofocus  sources  becomes  necessary.  What  requires  further  explanation  Is  that 
projection  radiographs  frequently  reveal  aore  detail  than  enlarged  contact  prints. 

Two  factors  at  least  are  Involved.  The  resolution  which  can  be  attained  In  the  contact  case  la 
also  Halted  by  the  grain  size  of  the  flla.  Details  which  cannot  be  resolved  In  a contact  radiograph 
aay  nevertheless  be  revealed  In  projection  because  of  the  aagnlf icatlon  factor  a+b/a  which  Increases 
the  apparent  size  of  the  whole  saaple  and  Its  structure. 

A second  effect  occurs  through  the  related  aedlua  of  contrast.  General  discussions  of  absorption 
and  scattering  processes  [5]  show  that  aost  of  the  scattering  In  the  energy  range  of  Interest  is  due  to 
the  inelastic  Coapton  effect,  and  that  auch.  If  not  aost,  of  this  scattering  Is  In  the  forward 
direction,  as  described  by  the  Kleln-Nlshnla  Law. 


to  flla  distance  la  b.  Thus  the  highest 
l.e.  for  a contact  radiograph.  In  fact  the 
a to  the  Halts  Imposed  by  the  strength  of 


Id  (6)  a,  K<8>  d9 
r 

where  the  intensity  Id(Q)  is  measured  at  a distance  r from  the  scattering  centre  at  angles  between 
0 and  0+  d9  to  the  straight  through  direction.  K(0)  is  a function  called  the  differential  scattering 
cross  section.  The  behaviour  of  the  coherent  scattering  is  somewhat  similar. 

Thus,  for  a contact  exposure,  auch  of  the  scattered  energy  will  still  reach  the  flla  and  serve  to 
blur  the  laage  and  reduce  contrast.  In  projection  systems,  only  those  x-rays  scattered  at  angles  small 
enough  to  intersect  the  flla  will  be  available  to  reduce  the  effective  contrast  in  this  way,  and  a 
large  portion,  depending  on  the  energy  of  the  beam  and  the  angle  of  colllaation,  will  be  completely 
lost.  Thus,  other  things  being  equal,  a projection  radiograph  of  a given  defect  can  provide  better 
contrast  than  a contact  shot  and  fine  details  will  appear  to  be  aore  highly  resolved. 

In  terms  of  the  well  know  expression  for  contrast  (see  Page  6)  the  value  of  Ig/Ig 
effectively  decreased  and  the  value  of  contrast  enhanced  accordingly. 

4.  IMAGE  QUALITY  INDICATORS 

Numerous  methods  are  currently  used  to  evaluate  the  Image  quality  of  a radiograph.  These  include 
devices  incorporating  a series  of  wires  of  varying  diameters;  others  use  drilled  holes  in  stepped 
wedges,  or  plaques  with  holes  of  differing  diameters  (Fig. 6).  They  are  known  as  image  quality 
Indicators  (IQI's)  or  penetraaeters  in  the  US.  These  devices  are  placed  on  the  weld  or  casting  at  a 
position  nearest  to  the  source  of  radiation  and  the  radiographic  sensitivity  is  usually  expressed  as  a 
percentage,  thus; 


„ .....  - Thinnest  wire  or  step  hole  visible  X100 

Sensitivity  I - Thicknlsi'  of  specimen 


A small  percentage  sensitivity  therefore  indicates  a radiograph  of  high  image  quality. 

As  an  attempt  to  separate  the  radiographic  effects  of  the  laage  forming  characteristics  of 
contrast  and  unsharpness  a duplex  system  of  1Q1  has  been  designed  [6j.  Two  components  are  required, 
one  incorporating  a series  of  pairs  of  wires,  each  wire  in  each  pair  being  separated  by  the  diameters 
of  the  wires  in  that  particular  pair.  The  diameters  Increase  in  a geometrical  progression  and  to 


establish  the  Image  quality  one  select!  the  smallest  wire  peir  vtelble.  that  does  not  merge  Into  ooe 
Image  when  viewing.  The  percentage  sensitivity  la  calculated  ualng  Che  diameter  of  tbla  pair  and  the 
method  described  above.  The  contrast  element  Is  calculated  by  reference  to  the  second  component  of  the 
system,  which  is  a plain  step  wedge. 


Figure  6 

A radiograph  of  a collection  of  Image 
Quality  Indicators  (IQI'a) 


The  relationship  between  the  sensitivities  obtained  by  using  the  various  types  of  IQI  device  Is 
complex.  In  practice  It  therefore  Is  best  to  use  the  correct  one  specified  and  quote  Che  sensitivity 
and  Che  type  of  IQI  used  otherwise  the  Information  Is  confusing. 

5.  UNSHARPNESS 


When  considering  the  resolution  of  a radiographic  system  the  causes  of  unsharpness  need  to  be 
established  and  the  relationship  between  the  causes  and  Che  Image  quality  accounted  for. 

Unsharpness  of  the  radiographic  Image  can  often  be  caused  by  vibration  of  the  equipment  during 
exposure.  The  unsharpness  here  will  be  directly  related  to  the  amplitude  of  the  vibration  and 
particular  care  should  be  taken  when  small  sources  of  radiation  are  used  end  when  large  projected 
enlargements  are  made,  as  this  blurring  will  Increase  with  magnification  (m).  This,  and  the 
unsharpness  due  to  bad  fllm/screen  contact  can  usually  be  remedied  and  In  all  cases  should  be  dealt 
with.  There  remain  the  ocher  three  contributors  to  unsharpness  of  a sharp  edge  feature,  which  are: 

1.  Geometric  unsharpnesa  (Ug) 

2.  Film  unsharpness  (Uf) 

3.  Screen  unsharpness  (Us). 

The  total  unsharpness  which  could  be  a combination  of  all  three  la  generally  abbreviated  to  (Uj). 

5.1  The  geometric  unsharpness  (Ug)  Is  Identical  to  the  penumbral  effect  In  light,  which  Is  the 
Imperfect  shadow  cast  of  a sharp  edge  and  arises  from  the  finite  size  of  Che  source.  This  is  also 
illustrated  In  Fig. 2 and  the  magnitude  of  (Ug)  la  calculated  by  simple  geometry 


Ug 


b.f 

a 


Primary  x-ray  enlargement  is  possible  by  moving  the  sample  nearer  to  the  source,  with  the  source  of 
radiation  and  the  film  remaining  In  the  same  positions.  As  the  magnification  is  Increased,  so  Che 
attendant  Increase  In  (Ug)  becomes  apparent  when  a large  (f)  Is  used. 

5.2  Film  unsharpness  (Uf)  Is  caused  by  the  scattering  of  the  photon-induced  electrons  In  the  film 
emulsion,  and  with  the  normal  range  of  conventional  films  uaed  In  Industry  this  untharpness  Is 


dependent  on  the  energy  of  the  redletlon  Irrespective  of  the  speed  of  the  file.  The  unsharpness  at  100 
kV  is  approximately  0.01  ■*  increasing  to  0.06  an  at  200  kV. 


S.3  Screen  unaharpneas  (Us)  which  is  due  to  the  scattering  of  light  by  the  crystals  of.  the 
fluorescent  aaterlals  used  in  intensifying  screens.  It  has  been  suggested  that  this  eay  be  partly  due 
to  the  shadows  of  crystals  at  the  layer  nearest  to  the  flla,  as  cast  by  fluorescent  light  froe  crystals 
behind  the  first  layer. 

Quantua  mottle  resulting  froa  the  spatial  fluctuations  of  photon  quanta  absorbed  on  the  screen  has 
been  postulated  as  also  contributing  to  the  loss  of  definition. 

Typical  unsharpness  values  are  froa  0.2  ss  for  high  definition  aedical  salt  screens  to  0.4  aa  for 
slallar  high  speed  screens  and  both  would  be  totally  unsuitable  for  the  radiography  of  engine 
coaponents  when  conventional  x-ray  equipment  is  used.  According  to  Klasens  [ 7 J the  combination  of  two 
causes  of  unsharpness  relate  to  the  total  unsharpness  (U^)  thus 


UT  ‘ (U1  + °2>* 

Unsharpness  values  calculated  in  this  way  have  been  compared  with  experlaental  unaharpneas  curves  and 
for  most  practical  cases  provide  the  basis  for  optimising  the  radiographic  conditions. 

6.  FOCAL  SPOT  SIZE 


The  literature  abounds  with  theoretical  and  experlaental  data  on  the  subject  of  the  aeasureaent  of 
focal  spots  [8,9  & 10].  This  topic  is  so  relevant  to  the  potential  resolution  of  a radiographic 
system,  that  a brief  resume  of  the  methods  and  the  problems  Involved  in  obtaining  meaningful 
measurements  is  worth  relating. 

Pinhole  radiography  is  used  throughout  the  medical  and  industrial  fields  to  establish  a practical 
appreciation  of  the  size  of  focal  spots.  What  is  obtained  however,  is  an  image  of  the  spatial 
distribution  of  the  intensity  across  the  spot.  A saall  pinhole  in  an  opaque  aaterlal  is  placed  usually 
aldway  (to  arrive  at  a staple  1:1  relationship)  between  the  focus  and  the  detecting  flla  and  an 
exposure  aade.  The  size  of  the  pinhole  affects  the  enlargement  of  the  laage  and  aust  be  accounted  for 
(Fig. 7). 

f 


How  disappointing  to  the  novice  radiographer  when  the  result  is  an  overexposed  blur  or  an 
underexposed  (some  would  say  correctly  exposed)  image  varying  in  density  across  the  laage.  Where  is 
the  aeasureaent  to  be  aade?  This  is  analogous  but  not  identical  to  the  measurement  of  the  unsharpness 
of  a radiographic  edge  image.  Exposure  times  for  imaging  through  a pinhole  are  prohibitively  long  when 
saall  foci  are  to  be  compared,  but  for  foci  of  approximately  0.5  on  and  above,  a working  result  can  be 
obtained.  The  laage  of  the  focus  can  be  traversed  with  a alcrodenaltometer  for  a graphical  film 
density/distance  curve  or  displayed  for  comparison  using  an  electronic  laage  analysis  systea. 

Coaparatlve  measurements  of  foci  can  also  be  made  by  inference  froa  the  shadow  cast  on  the  film  by 
a sharp  opaque  edge;  two  edges  at  90°  in  the  plane  of  the  film  when  radiographed  simultaneously 
conveniently  provide  information  of  the  focus  dimensions  in  two  directions  at  90°.  This  is  a useful 
aethod  for  evaluating  the  diaensions  of  foci  of  approximately  50  |ia  and  when  fine  grained  fila  is  used 
with  large  projective  distances  and  therefore  when  the  inherent  unsharpness  of  the  fila  (Uf)  is 
ainlaal . 

7.  MEASUREMENT  OF  RESOLUTION 


Unsharpness  gradients  at  edges  can  be  also  displayed  graphically  (Fig. 8)  by  a alcrodensltoaer  of 


Figure  8 


A mlcrodensltoaeter  trace  of  « radiographic  laage  of  «n  edge,  Illustrating  Klasena 
equivalent  blur.  The  granularity  of  the  film,  which  shows  as  noise  on  the  trace, 
can  be  measured  by  calculating  the  standard  deviation  of  a lumber  of  mlcrodenslty  readings, 
by  traversing  a measuring  spot  across  the  film. 


the  Joyce-Loebel  type.  The  Instrument  produces  a film  density/distance  curve,  with  the  distance  axis 
greatly  amplified  (typically  X500).  Much  Information  can  be  obtained  froa  these  curves  on  the 
performance  of  the  laaglng  system  and  can  conveniently  provide  the  aeans  of  comparing  one  system  with 
another. 

However,  for  analytical  purposes,  a method  that  separates  the  effect  of  the  many  variables 
Involved  In  the  radiographic  process  may  be  desirable.  Such  a method  of  assessing  the  image  forming 
capability  of  a complete  radiographic  system  has  been  lntoduced  Into  Industrial  radiography  by  Halmshav 
[11].  This  application  of  modulation  transfer  functions  (MTF)  which  came  to  Industrial  radiography  via 
the  electrical  communications  Industry  via  researchers  in  the  medical  radiological  circles,  has  now 
been  adapted  to  suit  the  photographic  materials  used  In  industrial  radiography.  A modulation  transfer 
curve  describes  the  ability  of  a system,  and  more  Importantly,  any  part  of  a system,  to  transmit 
Information  In  terms  of  amplitude,  phase  and  spatial  frequency.  For  Instance,  the  MTF  of  a focal  spot, 
the  film,  and  the  nlcrodensltoneter  can  be  evaluated  Independently.  In  the  case  of  the  total 
radiographic  system  Halmshav  used  the  line  spread  function  (L5F)  of  a radiographic  image  of  a silt 
(approx.  1 pm)  In  an  opaque  material.  By  a mathematical  process  known  as  convolution  this  can  be 
transformed  to  determine  the  result  that  would  be  obtained  of  a bar/space  object  which  Is  usually  used 
In  determining  MTF. 

An  MTF  of  1.0  Indicates  that  all  the  Information  Is  correctly  transmitted  In  terms  of  phase, 
amplitude  and  spatial  frequency.  These  principles  were  used  by  Halmshav  to  establish  values  for  a 
number  of  film/screen  combinations  that  are  used  In  industry  and  he  concludes  that  because  they  do  not 
take  full  account  of  the  effects  of  film  granularity  or  the  performance  of  the  human  observer,  they  do 
not  yet  provide  the  complete  answer  to  enable  the  detail  recording  capability  of  a radiographic  system 
to  be  specified. 

Mien  high  resolution  systems  are  to  be  evaluated  In  the  practical  situation,  reliance  Is  still 
placed  on  the  well-tried  comparative  techniques  using  details  within  the  specimen.  Images  of  fine 
wires,  meshes,  step  holes  etc.  As  the  wire  diameters  of  standard  IQIs  are  too  large  for  high 
definition  work  on  turbine  blades,  which  Is  described  later,  one  has  been  constructed  with  four  wires 
measuring;  0.025  am  (0.001  Inches),  0.05  ms  (0.002  Inches),  0.076  an  (0.003  Inches)  and  0.1  m (0.004 
Inches)  and  sometimes  smaller  Individual  wires  are  used. 

8.  RADIOGRAPHIC  FILMS 


Radiographic  film,  unlike  photographic  film,  usually  has  light  sensitive  emulsions  coated  on  both 
surfaces,  which  effectively  reduce  x-ray  and  gamma  exposures  to  one  half.  Single-sided  emulsion  fllrs 
are  available  and  can  improve  resolution  when  the  resultant  Increase  In  exposure  time  is  acceptable. 

All  photographic  films  are  extemely  convenient  detectors  of  x-rays  and  gamma  rays,  they  can  be 
used  with  low  Intensity  sources  simply  by  Integrating  the  image  through  larger  exposure  times.  They 
are  available  with  a wide  variety  of  characteristics  of  speed,  contrast  and  graininess  (Fig. 9).  In 
general,  when  fine  detail  Is  to  be  resolved  It  Is  achieved  by  using  a fine-grained  film  with  high 
contrast.  Conversely  high-speed  films  are  relatively  coarse-grained  and  are  of  a lower  contrast. 
Gradients  In  excess  of  6 (density/log  exposure)  can  be  achieved  If  the  radiographic  conditions  are 
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Characteristic  curves  of  radiographic  films. 

Curve*  1.  2 and  3 are  fast  salt/acreen  fling,  whereas 
6 end  7 ere  curves  of  non-screen  films  of  differing  speeds  and  contrast 


correctly  selected,  resulting  In  the  recording  of  small  changes  In  radiation  Intensity  as  large 
differentials  In  light  Intensity  when  the  film  Is  viewed.  The  high  gain  In  sensltivy  of  film  Is 
achieved  during  the  chemical  development  process  which  Ideally  ensures  that  the  film  provides  sharp 
Image*  of  minimal  Incremental  thickness  changes  of  the  specimen  which  Is  the  objective  In  most 
radiographic  tasks.  Radiographic  films  can  be  broadly  divided  Into  two  groups. 

8.1  Mon-screen  films,  although  so  named,  are  more  often  used  with  lead  screens  (typically  0.1  ms 
front  and  0.15  am  back)  particularly  on  aero  engine  parts  when  energies  of  greater  than  120  kv  are 
used.  Lead  screens  have  an  Image  Intensifying  effect  above  this  energy  and  exposure  times  are  reduced. 
The  screens  also  reduce  the  effects  of  the  non-imaging  forming  scattered  radiation  of  lower  energy, 
whlh  emerge  from  the  specimen. 

8.2  Screen  films 

These  films  are  used  with  fluorescent  intensifying  screens,  (salt  screens)  and  have  wide 
application  In  medical  radiography  where  there  Is  a need  to  reduce  the  x-ray  dose  to  the  patient.  They 
are  extremely  fast. 

Until  recently,  the  role  for  these  film/screen  combinations  In  the  aero-englne  industry  was 
Infinitesimal.  Since  the  advent  of  dynamic  radiography  and  high  definition  radiography  the  use  of 
these  materials  have  increased.  In  particular  when  large  numbers  of  specimens  are  Involved  where  the 
advantage  of  the  reduced  exposure  time  can  be  exploited.  The  speed  advantage  could  not  be  utilised  for 
conventional  x-ray  work  when  fine  detail  Is  to  be  resolved  because  of  the  unsharpness  (Us)  attributable 
to  the  flla/screen  combination. 

By  using  high  definition  projective  techniques  however,  the  lack  of  photographic  resolution  due  to 
the  screen  unsharpness  (Us)  and  that  caused  by  the  particulate  nature  of  the  phosphors  need  not  be  a 
serious  limiting  factor.  Indeed  the  screen  and  film  unsharpnesses  remain  unchanged  with  an  increase  In 
projected  enlargmenet  when  a virtual  point  source  of  radiation  Is  used,  thereby  reducing  these 
unsharpnesses  In  comparative  dimensional  terms,  relative  to  the  enlarged  image,  until  they  become 
Insignificant. 

Silver  halide  emulsions  are  normally  used  for  radiographic  films  and  the  film  images  are  made  up 
of  a number  of  developed  grains,  and  when  viewed,  a granular  structue  Is  apparent.  This  granularity  is 
the  result  of  the  'clumping  together'  of  individual  grains  and  can  be  evtluated  by  using  a 
microdensitometer.  (See  Fig. 8). 

Within  a year  of  the  discovery  of  x-rays,  It  was  known  that  calcium  tungstate  (CaWO^)  was  an 
effective  phosphor  for  Intensifying  x-rays.  Up  to  the  present  time  (CaW04)  has  maintained  its  lead 
In  medical  radiography.  The  light  emitted  Is  predominantly  In  the  blue  region  of  the  spectrum  (420  nm) 
and  films  have  evolved  over  the  years  that  are  spectrally  sensitive  to  the  blue  emissions.  More 
recently,  new  phosphors  have  become  available  which  are  terbium  activated  rare  earth  oxysulphides  based 
on  the  rare  earths,  gadolinium  and  lanthanum  [12].  They  have  high  photon  absorption  and  x-ray-to-llght 


conversion  chsractsrlstlcs  and  when  coated  on  thin  cards  sake  very  efficient  Intensifying  screens  for 
x-rsdlography.  Screens  made  froa  these  new  phosphors  ealt  mainly  green  light  and  aatchlng  films  that 
are  green  sensitive  must  be  used  to  gain  the  speed  advantage  (Fig. 10). 


Figure  10 

Spectral  characteristics  of  rare-earth  Intensifying  screens 


8.3  Darkroom  practice 

Methodical  and  correct  darkrooa  practices  are  essential  for  high  resolution  results,  particularly 
when  extremely  fast  film/ screen  techniques  are  used.  Correct  lighting,  cassettes  which  ensure  good 
fllm/screen  contact  and  careful  film  handling  are  areas  that  need  special  attention.  Automatic  film 
processing  equipment  also  ensures  that  consistent  results  are  attained.  This  Is  particularly  lnportant 
when  large  batchea  of  components,  such  as  turbine  blades,  are  to  be  examined  for  micro  details  using 
high  definition  projection  radiography. 

9.  DYNAMIC  RADIOGRAPHY  OF  AERO-ENGIKRS 


In  the  main,  the  wide  range  of  standard  x-ray  equipment  that  is  available  commercially  fulfil  the 
needs  the  manufacturing  and  maintenance  sectlona  of  the  aero-englne  Industry.  When  large  thicknesses 
of  material  are  to  be  penetrated  however,  linear  accelerators  of  8 HeV  have  been  brought  Into  use. 
They  are  currently  being  used  to  enable  the  design  clearances  of  components  to  be  determined  whilst  the 
engine  Is  under  power  ( 1 3 J [|4],  Relative  movements  of  components  can  thus  be  measured  under  the 
various  running  conditions  of  the  engine  which,  before  the  radiographic  technique  had  been  developed, 
were  Impossible  to  measure.  Improvements  in  resolution  have  enabled  these  engsged  in  dynamic 
radiography  to  make  more  accurate  measurements  and  have  thus  allowed  designers  to  adjust  the  design 
clearances  with  greater  precision. 

Normally,  radiographers  In  the  aero-lndustry  are  concerned  with  the  detection  and  evaluation  of 
flaws  In  components  but  the  technique  of  dynamic  radiography  Is  an  excellent  example  when  a 
radiographic  system  can  provide  designers  with  Information  which  leads  to  Improvements  In  the  "running 
efficiency’  of  aero  engines.  This  important  development  was  Initiated  as  a joint  Rolls  Royce/NDT 
Centre  Harwell  venture  In  1970.  Others  had  previously  considered  that  x-ray  exposures  of  a few 
nanoseconds  were  needed  to  record  the  relative  movements  of  static  and  rotating  components  inside  an 
engine  under  power.  Flash  radiography  had  been  tried  but  the  combination  of  short-pulsed  exposures  and 
the  obligatory  fast  films  and  screens,  did  not  provide  the  resolution  necessary.  In  fact  for  the  first 
trials  In  1970  a cobalt  60  Isotope  was  used  and  exposure  times  were  up  to  2 hours  duration.  The 
results  obtained  were  encouraging  and  lead  to  the  use  of  the  llnac.  The  technique  was  used  on  'the 
view  obtained  of  a wheel  on  a rotating  shaft’  principle.  With  a view  normal  to  the  shaft,  the 
periphery  and  one  side  face  of  the  wheel  will  be  seen  as  a profile  and  a straight  line;  and  will  remain 
so  Irrespective  of  the  speed  of  notion.  Stop  motion  was  therefore  necesssry.  Techniques  have  been 
tried  which  strobe  the  pulses  emitted  froa  the  llnac  with  features,  such  as  an  Individual  turbine 
blade;  this  may  be  a useful  technique  for  the  future. 

The  llnac  exposures  are  typically  0.3  - 2.0  seconds  for  transient  exposures,  that  is  when  the 
engine  Is  accelerated  or  decelerated.  For  the  steady  state  exposures,  when  the  engine  is  rotating  at  a 
constant  speed,  exposures  up  to  several  minutes  are  normal.  Some  Improvement  was  achieved  by  reducing 
the  focal  spot  froa  2 mm  to  1 ms  diameter,  particularly  In  the  radial  plane  when  radical  gaps  are  tc  be 
measured.  For  axial  gaps  the  source  size  can  appear  to  be  less  critical  as  the  narrow  gaps  tend  to 
auto-colllmate  the  beam  (Fig.  11)  and  gap  dimensions  have  been  recorded  down  to  0.13  mm  In  width. 
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Radiography  of  seal  clearances  in  gas  turbines. 
Note  difficulty  with  small  radial  gaps  at  B. 

No  clear  laagea  recordable. 


despite  using  a focal  spot  of  2 am.  typically,  thickness  paths  are  usually  between  75  and  250  mm  of 
Nlaonic  alloy  (or  equivalent  in  titanium  alloy).  In  steady  state  exposures,  fine-grained  film  can  be 
used  with  lead  screens  but  for  the  transient  exposures  extremely  fast  filas  and  screens  are  needed  to 
obtain  a working  density. 

The  aajor  factors  Halting  the  production  of  radiographs  of  high  resolution  in  this  situation  are: 
the  geometric  unsharpness  (Ug)  due  to  the  focal  spot  size  and  the  unfavourable  a/b  ratios  that  are 
sometimes  used,  and  also  flla  unsharpness  due  to  the  energy  (Uf)  which  has  been  described  earlier. 
Unsharpness  due  to  vibration  is  not,  surprisingly,  considered  a aajor  factor  although  allgnaent  of  the 
beaa,  along  the  axial  faces,  has  to  be  accurate  to  within  1 im.  The  8 MeV  llnac  on  site  at  an  airfield 
at  Rucknell  in  Derbyshire  is  shown,  see  Plate  1.  Plates  2 and  3 illustrate  typical  results  obtained 
when  using  the  llnac. 

10.  CONVENTIONAL  X-RAY  EQUIPMENT 

We  aove  from  the  high  energies  of  the  8 MeV  llnac  to  the  low  energies  of  the  beryllium  windowed 
x-ray  equipment  (approx.  20-50  kv).  The  low  Inherent  filtration  of  these  x-ray  units  allows  the  longer 
x-ray  wavelengths  to  emerge  from  the  tube  and  thus  radiographs  of  the  highest  contrast  are  possible. 
When  used  with  fine  grained  film,  and  with  the  right  subject,  high  resolution  radiographs  are  produced. 
These  units  are  used  extensively  to  detect  corrosion  and  cracking  and  are  more  useful  for  scheduled 
maintenance  inspections.  However,  they  have  Inspection  roles  in  the  manuf acturlng  sector  and  are  used 
for  testing  welds  in  sheet  fabrications,  radiographing  Investment  casting  wax  cores  and  the  thinner 
metallurgical  laboratory  samples. 

The  bulk  of  component  radiography  however.  Is  carried  using  x-ray  equipment  between  100-300  kV. 
Turbine  blades,  nozzle  guide  waves,  segments,  weldments  and  many  of  the  other  components  and  assemblies 
that  make  up  aero-engine  propulsion  units  are  successfully  examined  using  conventional  radiographic 
equipment.  The  geometric  complexity  of  many  of  these  components  which  offer  varying  thicknesses  in  the 
path  of  the  x-ray  beam,  requires  that  a compromise  in  the  technique  which  sometimes  emphasises  latitude 
(by  covering  many  thicknesses  with  one  exposure)  rather  than  contrast.  It  is  not  suggested  here  that 
this  situation,  brought  about  by  the  understandable  pressures  of  deliveries  and  costs,  should  change. 
Sometimes  however,  a lot  more  could  be  done  to  resolve  small  flaws  by  bringing  to  bear  the  science 
(always  available)  and  the  art  (not  always  available)  of  radiography  and  by  using  conventional  x-ray 
equipment. 
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Howav.tr,  a*  operating  condition*  change,  usually  due  to  design  changes  which  Increase  the 
performance  of  an  engine.  It  sooetlae*  becomes  necessary  to  detect  flaws  even  smaller  than  those 
considered  detectable  hitherto  and  beyond  the  scope  of  conventional  x-ray  equipment.  Therefore,  more 
specialised  equipment  has  to  be  utilised  which  can  resolve  to  a higher  sensitivity. 

11.  EVOLUTION  Of  SMALL  FOCUS  X-RAY  EQUIPMENT 

Within  two  years  of  the  discovery  of  x-rays  a mlcroradlograph  had  been  produced  [15j.  This  type 
of  x-ray  Imaging  has  Improved  to  make  It  a useful  technique  for  research  since  modern  materials  have 
become  available. 

W roradlography  requires  that  a specimen  Is  placed  In  contact  with  a fine-grained  photographic 
plate,  or  film,  and  exposed  to  x-rays  emanating  from  a normal  tube.  The  enlargment  of  the  Image  is 
prodr  id  optically  and  therefore  Che  resolution  Is  limited  by;  the  gralnlness  of  the  photographic 
emu]  .on,  fogging  due  to  photoelectrons  given  off  by  the  specimen  and  the  optical  system  of  the 
an]  -ger.  Sometimes  these  limitations  can  be  overcome  by  using  a small  x-ray  source  and  projecting  the 
xa  ,e  (Fig. 12)  and  so  obtaining  a primary  enlargement  thus  reducing  the  enlargement  of  the  film  grain 
a’  . Imperfections  due  to  particles  of  dust  etc.  (Plate  4). 
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Figure  12 


Projection  micro-radiography  of  staall  nuclear  fuel  particles 


Although  work  continues  to  produce  a viable  x-ray  microscope  which  emphasises  the  focusing  x-rays 
to  achieve  a small  effective  focus,  it  is  not  Intended  here  to  enlarge  on  this  subject;  the  application 
of  focused  x-rays  in  industrial  radiography  is  minimal,  indeed  if  it  exists  at  all.  Small  x-ray  foci 
can,  however,  be  conveniently  formed  by  the  focusing  of  electron  beams,  producing  a small  irradiated 
target  in  the  anode,  and  thus  a small  focus  is  achieved.  The  ability  to  focus  electrons  by  an 
electromagnetic  lens  or  electrostatically  Is  now  utilised  by  all  modern  mlcr^Cocal  x-ray  equipment.  A 
focusing  system  for  an  x-ray  microscope  using  an  electromagnetic  lens  was  first  made  at  Cambridge  [16]. 
It  was  constructed  with  two  lenses  and  the  transmission  target  was  a thin  metal  foil,  which  also 
provided  the  vacuum  seal.  Whilst  the  electrons  were  focused  within  the  vacuum  the  x-ray  beam  was 
conveniently  at  atmospheric  pressure.  Small  specimens  can  be  placed  close  to  the  target  and  with  the 
photographic  plate  positioned  some  distance  away,  thus  producing  enlarged  images.  X-ray  magnifications 
up  to  1000  times  have  been  produced  and  these  have  been  further  enlarged  optically  to  achieve  a 
resolution  of  0.1  - 1 pm  depending  on  the  specimen,  kllovoltage  and  target  material. 

This  technique  is  called  Projection  microradiography  and  apart  from  a few  specialised  Instances, 
la  not  a technique  that  is  particularly  suited  to  problems  In  the  aircraft  Industry.  It  is  more  often 
used  as  a complementary  technique  to  optical  micrography  and  confined  to  the  laboratory.  Wafer  thin 
samples  which  require  special  preparation  are  necessary  and  the  field  size  is  minute.  The  Interest  In 
projection  microradiography  stimulated  the  associated  development  of  micro-focus  x-ray  sources  with 
diameter  from  20-100  *-m. 

The  transmission  foil,  of  the  projection  microradlographlc  system,  was  replaced  with  a variable 
solid  target  (VST)  (Plate  5).  With  this  system  the  electron  beam  Is  focused  on  to  a selected  position 
on  an  assembly  of  detachable  rings  of  a variety  of  target  materials  (l.e.  tungsten,  molybdenum  and 
copper).  The  anode  assembly  la  massive  when  compared  with  the  spot  size  and  this  aids  the  dissipation 
of  the  heat  produced  at  the  target  which  la  also  water-cooled.  The  required  target  can  be  selected 
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without  breaking  the  tube-head  vacuum  system.  The  whole  target  assembly  can  also  be  rotated  and  thus  a 
fresh  target  area  can  be  selected  when  required,  also  without  breaking  the  vacuum.  The  minute  size  of 
the  focal  spot  is  impossible  to  measure  accurately.  Estimates  of  between  1 ^ m - 10  pm  have  been 
Inferred  from  the  enlarged  images  cast  by  fine  metal  meshes  etc.  The  vacuum  window  from  which  the 
x-rays  emerge  Into  atmosphere  is  made  of  aluminium  (12  y-m  thick)  and  this  Inherent  filtration  Is 
acceptable  for  the  electron  acceleration  range  of  between  5-30  kilovolts.  The  limitations  of  this 
equipment,  imposed  by  the  peak  voltage  and  the  maximum  beam  current  of  250  p A,  confines  the 
applications  to  thin  samples  (typically  0.25  - 1.0  mm)  of  light  alloy  or  other  low  attenuation 
materials.  The  field  of  coverage  is  generally  limited  to  approximately  50  mm  diameter  and  only  samples 
(or  areas  of  samples)  smaller  than  the  beam  can  be  radiographed  completely  with  one  exposure  as  the  low 
beam  intensities  mandates  short  focus-to-f ilm  distances.  So  far,  the  application  of  the  equipment 
described  here  have  not  penetrated  into  the  production  areas  of  the  aero-engine  indust*’v,  although  they 
have  been  successfully  applied  to  small  metallurgical  samples. 

A further  development  of  the  VST  has  resulted  In  a design  which  has  however  found  many 
applications  In  the  aircraft  manufacturing  industry. 

It  is  the  Harwell  E12  high  definition  x-ray  unit  (Fig.  13)  [17]  which  derived  from  a series  of 
designs  developed  over  the  years  by  Ely  ^ 18J . The  common  features  and  the  principles  involved  with  the 
E12  and  its  antecedents  will  be  discussed,  and  comparisons  made  on  both  the  construction  and 
application  of  the  various  types. 


Schematic  drawing  of  the  tube  head  of  the  Harwell 
E12  high  definition  x-ray  unit 


The  operating  range  of  the  E12  Is  between  30  - 85  kV  with  a maximum  current  of  1.0  oA  at  50  kV, 
reducing  to  0.5  aA  at  85  kV.  The  equipment  has  been  designed  to  operate  continuously  If  required  and 
it  can  be  used  Intermittently  at  100  kV. 

Many  of  the  features  are  common  with  the  previous  Ely  designs  but  basically  it  has  been  designed 
to  achieve  a focus  of  approximately  15  iim  diameter.  Unlike  the  models  already  discussed  however,  the 
focusing  is  achieved  electrostatically.  It  has  proved  more  difficult,  with  the  alternative 
electromagnetic  focusing  systems,  to  achieve  the  necessary  stability  that  allows  a consistent  focus 
that  is  reproducible  when  many  similar  parts  are  to  be  radiographed,  without  considerable  adjustment 
for  each  exposure.  The  source  of  electrons,  in  cotmaon  with  the  earlier  types,  is  a heated  tungsten 
filament  formed  from  tungstem  wire  (0.1  ana  thick)  bent  into  a sharp  "vee".  The  top  of  the  "vee” 
protrudes  through  the  aperture  in  the  bias  cup  effecting  a minute  primary  electron  source  and  thus  the 
single  stage  focussing  suffices.  The  tube  current  is  regulated  by  the  voltage  applied  to  the  bias  cup. 
Electrostatic  focusing  in  this  case  depends  on  the  principle  that  a negative  charge  in  the  biasing  cup 
repels  the  electrons  as  they  are  accelerated  towards  the  target  (by  the  potential,  between  the  anode 
and  cathode).  As  the  electrons  pass  through  the  annular  electrostatic  field  (produced  by  the  bias 
voltage  and  effected  by  the  shape  of  the  cup)  they  are  pinched.  Thus  the  conditions  can  be  optimised 
so  that  the  electrons  arrive  onto  a small  area  of  the  target  producing  the  minute  focus. 


The  single  stage  electrostatic  focusing  of  the  E12  not  only  simplifies  the  design,  leaving  the 
tube  housing  uncluttered  and  aore  robust  but  allows  for  aaxlaua  adjustment  of  the  spatial  arrangeaent 
between  the  fllaaent  and  the  target.  Focusing  la  readily  achieved  by  controlling  the  variables: 

a)  spacing  between  fllaaent  to  target 

b)  protrusion  of  the  fllaaent  through  the  aperture 
of  the  biasing  cup 

c)  bias  voltage  applied  tc  the  cup. 

The  effect  of  the  Interplay  between  the  variables  can  be  observed  directly  on  a television  monitor. 
The  TV  camera  has  been  adapCed  so  thac  the  lens  system  Is  replaced  with  a f lbroptlcally  coupled 
phosphor.  The  primary  enlarged  laage  of  a fine  calibrated  aesh  la  adjusted  approximately  and  final 
optimisation  la  achieved  by  trial  radiographs. 

The  x-ray  tube  head.  In  coaaon  with  the  ocher  types,  requires  a continuously  puaped  vacuua  systea 
attaining  pressures  of  10~^  torr.  The  E12  systea  however,  Is  constructed  to  allow  greater 
flexibility  of  working  without  breaking  the  vacuua  seal.  It  Is  possible  to  manipulate  the  conditions 
and  so  optlalse  an  accelerating  voltage,  bias  voltage,  tube  current,  distance  between  focusing  cup  and 
target,  target  position  and  the  position  of  the  fllaaenc  tip  relative  to  the  bias  cup,  whilst 
maintaining  vacuua.  All  these  variables,  except  the  selection  of  the  target  position,  which  la  made  by 
rotating  a knurled  wheel  at  the  tube  head,  can  be  operaced  remotely  from  the  console.  The  x-ray  beaa 
emerges  froa  the  tube  head  via  a beam-defining  window  formed  from  0.05  ma  aluainlua  foil  and  the 
effective  beaa  divergency  Is  14°.  A useful  facility  to  aid  focussing  Is  a silver  aesh  (20  lines/aa) 
which  can  be  inserted  between  the  target  and  the  exit  window,  whilst  the  unit  la  under  vacuua,  with  the 
x-rays  on. 

The  vacuua  systeas  (Fig. 14)  are  slallar  In  principle  for  all  the  alcrorocus  equipment.  Diffusion 
pumps,  backed  by  CDR  rotary  puaps  are  used  and  care  has  to  be  taken  to  reduce  vibration  as  the 
effective  focus  will  Increase  with  Che  amplitude  of  any  vibration  of  the  tube  head.  The  vacuua  systea 
la  designed  to  allow  the  rapid  replccer.ent  of  a filament.  Normally  the  filaments  last  froa  30-60 
working  hours  and  although  the  replacement  takes  but  a few  minutes,  puaptng  down  to  10'^  torr  may 
take  a further  10  minutes. 


Figure  14 

Schematic  diagram  of  the  E 1 2 Vacuua  Systea 


The  electron  gun  assembly  is  similar  to  tfu  earlier  types  and  to  those  of  electron  microscopes. 
The  E12's  electron  gun  and  the  anode  are  supplied  with  negative  and  positive  EHT  respectively  from  two 
Brandenburg  858R  power  units,  which  provide  variable  stabilised  voltage  outputs.  Opposing  the  outputs 
of  the  two  power  units,  (with  the  centre  common  connection  50  gy  above  earth)  allows  for  up  to  100  kV 
operation  and  yet  restricts  stressing  of  any  components  more  than  50  kV  to  earth.  The  EHT  supply  to 
Che  bias  cup  is  provided  separately  and  Is  Isolated  from  earth  hy  Insulating  pillars. 
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12.  RADIOACTIVE  ISOTOPES  VERSUS  ROD  ANODE  UNITS 


12.1  Radioactive  isotope  sources  are  used  to  radiograph  aero-engine  components  In  situ  and  their 
main  application  is  In  the  maintenance  area.  They  sometimes  offer  a considerable  advantage  in  that 
they  are  Intrinsically  small  and  can  be  conveniently  Inserted  in  places  inaccessible  to  normal  x-ray 
equipment. 

With  the  more  Intensive  sources  that  are  available  today,  unsharpness  due  to  geometric 
considerations  can  be  minimal  even  with  short  FFD's.  They  have  limited  application  in  production 

because; 

a)  the  energy  from  a particular  element  is  characterised 
by  the  element  and  therefore  the  facility  for  improving 
contrast  (apart  from  using  a film  of  higher  gamma)  and 
therefore  improving  the  resolution,  does  not  exist. 

b)  the  Intensity  of  the  radiation  is  low  compared  with 
x-radlographlc  sources,  leading  to  larger  exposure  times. 

They  are  however  particularly  useful  for  maintenance  work  when  components  within  the  complete  assembly 
can  be  radiographed  without  stripping  out.  The  Isotope,  iridium  ) 92  has  been  used  to  examine.  In  situ, 
the  fir-tree  assemblies  for  cracking  or  other  damage  and  for  the  detection  of  wear  on  exit  guide  vanes. 
Indeed,  engine  designs  have  been  Influenced  by  this  requirement,  holes  through  rotary  shafts  have  been 
introduced  to  allow  access  for  the  source  to  enable  a panoramic  technique,  whereby  a complete  ring  of 
blade  roots  or  exit  guide  vanes  can  be  radiographed  simultaneously  [19]. 

The  isotope,  thulium  170  (Tm  170)  is  readily  available  and  when  required  can  be  as  small  as  0.5  mm 
x 0.5  mn  diameter  with  activities  up  to  1 curie.  These  are  suitable  for  use  on  weldments  of  relatively 
thin  gauge  (up  to  6 on)  and  the  source-to-f ilm  distance,  with  an  acceptable  geometric  unsharpness  for 
unprojected  radiographs  can  be  in  the  order  of  1 cm  or  less.  A typical  application  Is  illustrated  by 
the  tube-to-tube  plate  welds  used  in  heat  exchangers  for  power  stations  and  is  shown  in  Fig. 15. 


Figure  15 

Panoramic  technique  using  the  Isotope  Thulium  170 
Source  to  film  distance,  10  mm 
Source  sl2e,  0.5  mm  x 0.5  mm  diameter 


This  technique  is  successfully  applied  to  the  Inspection  of  welds  attaching  vapouriser  units  in 
aero-engines,  when  a panoramic  arrangement  such  as  illustrated  in  Fig. 15  is  possible.  Gas  pores  of 
0.177  m diameter  (0.007  inches)  in  welds  can  be  detected  in  thicknesses  of  2.5  mm  with  a source-to- 
film  distance  of  0.8  cms.  This  represents  a 'spherical  pore'  sensitivity  of  7Z,  which  does  not 
approach  the  more  sensitive  x-ray  technique  for  similar  thicknesses  but  is  useful  nevertheless. 
Ytterbium  169  which  produces  radiographs  of  similar  contrast  to  those  produced  by  Tm  170  is  a more 
Intense  source  and  can  be  considered  as  an  alternative  when  shorter  e.  posures  are  needed. 

12.2  Rod  anode  x-ray  units  are  also  used  not  only  when  an  accessibility  problem  exists  such  as 
with  electron  beam  welds  or  diffusion  bonds  joining  cylindrical  components  but  often  when  considerable 
economic  savings  can  be  made.  Certainly,  when  welds  of  rocket  motors  or  combustion  chambers  are 
joining  parts  of  circular  cross  section  they  do  allow  panoramic  techniques.  The  target  assembly  of  a 
rod-anode  device  is  at  the  extremity  of  a rod  and  the  x-rays  emit  radially  for  360°.  The  focal  spots 
for  these  devices  are  elliptical,  and  two  dimensions  are  speefied  for  geometric  calculations.  They  are 
usually  too  large  (typically  0.5  mm  x 1.5  ran)  to  allow  short  focus-to-f ilm  distances  without  increasing 
the  geometric  unsharpness  unduly. 


12.3  fine  focu*  rod-anode  x-ray  unit* 


X-ray  equipment  haa  been  developed  to  exaain*  the  tube-to-tube  plate  weld  aentloned  earlier. 
The**  are  now  under  conelderatlon  for  uae  In  the  aero-engine  production  aector  for  the  exaalnadon  of 
Jolnte  In  aaall  dlaaeter  cylindrical  component*.  Thl*  will  no  doubt  lead  to  auch  wider  application  of 
rod  anode  technique*  In  boch  the  production  and  maintenance  (cenarlo*. 

The  equlpaent,  which  ha*  been  developed  In  Holland  by,  Technlache  Phyalache  Dlen*t-(TNO-TPD)  uae* 
alniaturc  magnetic  lense*  built  into  aaall  dlaaeter  cxtenalon  rod*,  which  focua  the  electron*  on  to  the 
target  at  the  end  of  the  rod  (20J. 


The  target  aaaeably  of  a rod-anode  x-ray  unit 
The  electron  beaa  la  focuaed,  with  the  alnl  magnetic  lena,  onto 
the  target,  which  In  thla  case  1*  conical,  with  a 
flat  conetlp  (0.2  mm  dlaaeter)  allowing  the 
ealaalon  of  x-ray*  normal  to  the  electron  optical  axi* 


Several  80  kV  and  150  kV  alcrofocu*  unit*  are  currently  In  uae  testing  weld*  on  heat  exchanger*, 
and  a unit  of  250  kV  1*  planned.  The  major  source  dlaension  Is  claimed  to  be  0. 1 aa  and  the  peforaance 
1*  coapared  with  Isotopes  In  Table  4. 

Table  4 


Coap*rl«on  of  exposure  rate  values  for  radioactive  Isotope* 
and  rod  anode  alcro-focu*  equlpaent 


Source 

Activity 

Exposure  Rate 

Thuliua  170 
(0.5  ■ x 0.5  ■ 

dls.) 

l Cl 

0.025  R/hr/a-1 

Ycterbiua  169 
(0.6  ■ x 0.6  ■ 

dla.) 

2 Cl 

0.24 

Irldlua  192 

1 Cl 

0.48 

X-ray  Source 

0.1  x 0.005  an 
0.1  x 0.015  on 
0.1  x 0.050  ■■ 

kV  at  1 mA 

80 

150 

250 

3 

9 

20 

Extension  rods  Incorporating  the  alnlaagnetlc  lenses  have  been  made  with  useful  length*  of  450  aa  x 9 
aa  dlaaeter;  vlth  lengths  of  915  a a the  outer  diameters  Increase  to  12  aa.  A typical  exposure,  when 
radiographing  a cylindrical  weld,  with  an  outside  dlaaeter  of  50  aa,  and  a thickness  of  9.5  aa  Is; 

150  kV  7.2  mA  seconds  (target  current  2 pA,  time  180  seconds)  achieving  s film  density  of  2.  (Agfa 
Caveart  D4  flla).  All  seven  wires  of  an  Fe  IQ1  (0.4  - 0.1  an  wires)  could  be  seen  indicating  a D1N-IQ1 
sensitivity  of  approxlaately  IX.  An  Improved  design,  Incorporating  s high  voltage  cable  connection 
between  the  generator  and  Che  electron  gun,  Is  under  consideration.  This  will  greatly  improve  the 
versatility  of  the  unit  and  will  no  doubt  lead  to  wider  application  In  the  aero-englne  Industry  and 
thus  Improve  the  resolution  of  some  radiographic  examinations. 

12.4  Fine  focus  sealed  x-ray  unit 

Another  comparative  newcomer  Is  the  Magnaflux  KxKlOOM.  This  Is  a variable-focus  sealed  x-ray  unit 
which.  It  Is  claimed,  has  a variable  focus  from  0.5  an  to  0.05  aa,  varied  by  adjusting  an  electrostatic 
biasing  device.  The  maximum  tube  current  for  the  larger  focus  Is  limited  to  1 mA  and  when  the  smaller 
spot  Is  used,  somewhat  lower.  Comparison  radiographs  of  an  aluminium  weld  have  been  made  with  this 
unit,  conventional  x-ray  unit  and  the  Harwell  E12  and  these  are  shown  In  Plate  6.  The  comparison  was 
made  at  80  kV  with  a projected  enlargement  of  X6  which  obviously  favoured  the  E12  unit  because  of  the 
auch  smaller  focus  (15pm).  Nevertheless  at  lesser  projected  enlargements,  the  MxXlOO  unit  will  have 


considerable  advantage  as  the  tube-head  la  small,  and  connected  to  the  generator  via  an  HT  cable.  The 
tube  head  can  also  enter  an  opening  of  88  am  diameter,  a convenient  feature  for  some  aero-engine 
maintenance  work. 

13.  THE  DEVELOPMENT  OF  A HIGH  DEFINITION  RADIOGRAPHIC  TECHNIQUE 

By  far  the  most  widely  appreciated  application  of  high  definition  radiography,  on  an  engine 
component  to  date  has  been  the  Inspection  of  the  first  stage  turbine  blades  of  the  Pegasus  engine, 
manufactured  by  or  for  Rolls  Royce  [ 22  J [ 23  J . The  blades  are  complex  In  shape,  with  cooling  holes  which 
run  parallel  to  the  longitudinal  axis  of  the  blade.  They  are  manufactured  using  the  'lost  wax' 
Investment  casting  process  which  Is  an  attractive  and  economic  process  for  the  precision  casting  of 
components  for  parts  of  this  type.  Indeed,  it  would  be  difficult  tu  imagine  a component  of  this  type 
being  manufactured  In  any  other  way.  With  investment  castings  which  are  complex,  particularly  If  long 
range  freezing  materials  are  used  such  as  In  100,  microporosity  can  be  a problem. 

Conventional  radiographs  will  reveal  the  presence  of  some  porosity  and  other  grosser  shrinkage 
defects  that  may  occur.  However,  when  an  Increase  In  the  output  of  an  engine  Is  demanded,  the 
operating  conditions  of  a component  may  change,  particularly  temperatures,  and  hence  smaller  micropores 
in  che  casting  may  lead  to  failure  under  the  more  strenuous  conditions  of  service.  Specifications 
exist  which  mandate  thaC  sample  blades  must  be  sectioned,  polished  and  etched  and  so  allow  the 
incidence  of  microporoslcy  to  be  evaluated.  This  method  of  quality  control  can  be  far  from  Ideal 
because  only  a relatively  small  sample  Is  evaluated  and  even  then  the  results  are  only  relevant  to  che 
polished  exposed  surfaces  of  the  sectioned  blocks.  Information  Is  available  that  relates  the 
mlcroporoslty  content  with  the  performance  of  the  blade  In  service. 

The  small  and  possibly  non-representative  samples  can  be  evaluated  with  measurements  made  by  a 
microscopic  device  such  as  the  'Quantlmet'  system.  Another  major  and  obvious  snag  Is  that  the  test 
destroys  the  blade.  Other  nondestructive  testing  Inspection  methods  have  been  tried  to  replace  che 
destructive  sampling  tests  and  so  far  results  have  not  been  encouraging. 

High  definition  projection  radiography,  because  of  previous  experience  In  Inspecting  the  condition 
and  geometry  of  fine  spark-eroded  cooling  holes  at  the  trailing  edge  of  some  blades,  was  tried  and  Is 
now  a routine  Inspection  method. 

X-radlography , using  conventional  equipment,  had  previously  been  rejected  as  a means  of  detecting 
and  evaluating  mlcroporoslty  because: 

a)  the  Individual  micropores  were  too  small  to  detect  (0.03  - 0.01  n) 

b)  Individual  crystallites  of  the  alloy  produce  a diffraction  pattern  on  the  radiographic  Image, 
obscuring  details  of  the  micropores. 

The  Harwell  E12  x-ray  unit  was  used  and  Initially  projected  radiographs  (X5)  were  used  with  fine  grain 
film  and  the  exposures  were  10  minutes,  for  an  aero-foil  thickness  of  6 m.  Eventually  a technique 
using  high  definition  salt  screens  with  X12  projected  enlargements  the  exposure  has  been  reduced  to  73 
seconds.  A further  reduction  to  20  seconds  is  possible,  by  using  the  rare-earth  screen  films.  If 
required.  A parallel  programme  of  destructive  testing,  when  many  samples  were  sectioned,  polished  and 
etched  etc.  (Plate  7),  to  establish  the  relationship  between  the  radiographic  results  and  the 
measurements  obtained  using  the  'Quantlmet'  720  system. 

The  system  provides  data  on  the  percentage  of  mlcroporoslty  of  an  area  of  the  sectioned  sample 
with  dimensions  of  1.25  ram  x 0.7  mm.  With  enlarged  projections  of  X12  the  whole  blade  could  not  be 
covered  so  an  area  chosen  as  typifying  the  Incidence  of  mlcroporoslty  of  the  blade,  was  chosen  by  the 
evidence  of  the  X5  enlargements  and  the  related  destructive  tests.  The  sample  area  measured  30  mm  x 
12  m,  the  largest  dimension  along  the  major  axis  of  the  blade.  Properly  engineered  lead  masks  (Plate 
8)  are  essential  for  this  work  not  only  correctly  to  position  and  align  the  blade  but  to  reduce  the 
Irradiated  field  area  and  thus  restrict  the  non-imaging  forming  scatter  from  the  blade  which  emanates 
from  outside  the  area  of  Interest.  The  ad-hoc  masking  device  shovn  in  Plate  9 is  to  allow  the 
radiography  of  the  thicker  blade  section. 

Initially  radiographic  Interpretation  presented  some  difficulties.  The  A0  cm  x 35  cm  films 
contained  so  much  Information,  Including  details  of  Individual  grains,  that  the  normal  Industrial 
radiographer  had  to  adapt  his  viewing  and  acceptance  techniques.  This  is  analogous  to  the  confusing 
array  of  densities  found  on  normal  chest  radiographs  but  with  experience  and  knowledge  of  the  subject 
subtle  and  significant  details  can  be  diagnosed  and  appraised. 

Individual  pores  of  0.03  ■■  have  been  detected  (Plate  10)  and  subsequently  confirmed  by  sectioning 
the  blade.  Some  radiographic  results  are  Illustrated  In  Plates  11  snd  12.  A Quantlmet  mlcroporoslty 
level  of  1.5X  can  now  be  detected  readily  by  experienced  staff.  A system  could  be  envisaged  that  could 
reduce  the  sectioning  to  an  occasional  cross-check.  It  may  be  possible  to  evaluate  the  porosity  In 
terms  of  volume  by  using  an  x-ray  stereo  system  and  when  used  with  an  Image  analysing,  present  the 
Information  directly. 

13.1  Facility  design 

The  facility  illustrated  in  Fig.  17  is  suitable  when  large  scale  production  radiography  is 
required.  Operating  as  a slide  projector,  the  blades  can  be  placed  In  the  exposure  position  from 
outside  the  Irradiated  area.  The  films  can  be  replaced  In  the  same  way.  The  shielding  requirements 
for  the  E12  with  a maximum  energy  of  100  kV,  can  be  accommodated  with  steel  sheet  (A  ms  thick)  on  all 
the  sides  of  the  compartment  except  In  the  forward  position,  when  10  am  of  lead  In  the  core  area  Is 
adequate.  The  beam  angle  of  1A°,  which  Is  limited  by  the  tube  window,  ensures  that  the  primary  beam 
does  not  Impinge  on  to  the  sides  of  a correctly  dimensioned  compartment. 


Figure  17 

facility  for  the  high  definition  projection  radiography  of 
turbine  bladee.  Note  that  ell  operations  can  be  carried 
out  without  entering  the  irradiated  area 


To  date,  E12  units  have  been  Installed  In  production  areas,  one  is  even  equipped  with  a 
pneumatically  operated  blade  changing  device  to  speed  up  the  process.  They  are  applied  when  the 
requirement  of  defect  resolution  la  beyond  that  achieved  by  conventional  radiography,  which  started 
with  the  Pegaaua  blade  and  Is  now  an  established  aethod  of  examining  many  other  similar  components. 

1*.  LOW  TEMPERATURE  RADIOGRAPHY 


Since  the  introduction  of  salt  screen  techniques  the  need  to  radiograph  even  thicker  sections  of 
blade  castings  has  arisen.  This  has  lead  to  the  development  of  a low  temperature  exposure  technique 
24  which  utilises  the  rare-earth  Intensifying  screens  which  were  discussed  earlier.  The  screens  have 
already  extended  the  use  of  the  E12  to  allow  thicknesses  of  8 mo  (N1  alloy)  to  be  radiographed  at  90  kV 
with  exposures  of  10  minutes.  The  present  design  of  the  E12  does  not  allow  an  Increase  In  energy  or 
radiation  output  and  therefore  the  possibilities  of  low  temperature  exposures  have  been  Investigated 
and  a working  technique  has  evolved  which  extends  the  upper  thickness  to  20  an. 

When  radiographic  film  is  directly  exposed  to  x-rays,  that  is  without  Intensifying  screens,  there 
Is  a direct  reciprocal  relationship  between  the  time  of  the  exposure  and  the  Intensity  of  the 
radiation.  But  when  Image  Intensification  la  achieved  by  using  phosphor  screens  the  film  density  Is 
attributable  mainly  to  the  light  emitted  from  the  phosphors  and  the  reciprocal  relationship  no  longer 
exists. 

This  means.  In  practice,  that  extending  the  exposure  time  no  longer  results  In  a continuing 
increase  In  film  density.  The  reciprocity  failure  [25]  thus  determines  the  limit  in  thickness  that  can 
be  radiographed  using  low  Intensity  sources. 

It  Is  also  known  that  photographic  emulsions  are  less  sensitive  at  low  temperatures  but  a 
reduction  In  temperature  also  reduces  the  reciprocity  failure.  Indeed,  Berry  and  Mendlsohn  [26]  have 
observed  that  some  emulsions  at  -183°C  do  not  suffer  reciprocity  failure  at  all. 

Special  film  cassettes  with  compartments  packed  with  dry  Ice  (CO2)  which  reduces  and  maintains  a 
low  temperature  during  the  exposure  period  and  this  technique  Is  now  used  on  turbine  blade  root 
sections.  Liquid  nitrogen  was  tried  but  has  proved  more  difficult  to  apply  and  caused  damage  to  films 
and  screens.  The  effect  of  film  temperature  on  the  resultant  density  Is  plotted  In  Fig. 18. 
Conveniently  the  temperatures  achieved  by  COj  apparently  overcame  the  reciprocity  failure.  A 
comparison  between  radiographs  taken  of  turbine  blades  with  and  without  low  temperature  cooling  Is 
given  in  Plate  13.  It  Is  not  certain  what  proportion  of  gain  Is  attrtbutabe  to  the  reduction  In  the 
reciprocity  failure  as  the  efficiency  of  the  phosphors  probably  also  Improves  with  a reduction  In 
temperature.  Nevertheless , the  desired  effect  of  increasing  the  thickness  that  can  be  radiographed 
with  a comparatively  low  Intensity  x-ray  source  such  as  the  E12  and  provides  the  thicker  sections  of 
blades  to  be  radiographed,  with  a high  resolution  technique  (X8)  revealing  porosity  which  normal 
radiography  can  not. 
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Figure  18 

Effect  of  film  temperature  on  film  density 


The  technique  however,  is  time  consuming,  typically  s cycle  of  1 hour  Is  required  for  cooling  and 
exposure  and  It  Is  more  suitable  for  the  examination  of  small  batches  of  experimental  castings, 

15.  HIGH  RESOLUTION  FLUOROSCOPY 

A rudimentary  fluoroscope  consists  of  a thin  screen  coated  with  a suitable  phosphor,  a 
conventional  x-ray  unit  with  suitable  protective  shielding.  The  coated  screen  replaces  the  film  and 
thus  a direct  viewing  system  Is  possible.  This  arrangement  can  be  uaed  to  scan  assemblies  and  deCect 
the  grosser  defects  In  castings  and  weldments  etc.  A small  area  of  screen  brightness  differences  can 
often  be  detected  more  readily  when  the  Image  Is  moved  but  because  the  Images  are  produced  with  a 
minimal  Integration  of  time,  the  sensitivities  either  of  contrast  or  resolution  are  much  lower  than  all 
but  the  extremely  fast  radiographic  techniques  using  salt  screens  and  when  standard  x-ray  equipment  la 
uaed. 


Image  lntenslflera  greatly  extend  the  scope  of  'real  time'  radiological  Imaging  and  they  have  many 
applications  In  medicine  and  Industry.  Not  only  do  they  produce  greater  screen  brightness  and  hence 
higher  sensitivity  but  they  can  also  enhance  contrast,  and  enlarge  the  Image  electronically  and  are 
more  convenient  as  less  time  Is  required  for  'dark  adaption’. 

A typical  Image  lntenslfler  assembly  Is  encased  In  a glass  envelope  and  a primary  fluorescent 
screen  which  Is  backed  with  a photoelectric  layer.  The  conversion  process  is:  photons  to  phosphor  - 
light  to  electrons  (via  the  photoelectric  backing).  The  electrons  emitted  by  the  photoelectric  layers 
are  aicelerated  and  focussed  onto  a secondary  fluorescent  screen  where  the  electrons  are  reconverted  to 
light.  The  energy  Imparted  to  the  electrons  during  acceleration,  and  by  the  reduction  In  size  of  the 
secondary  screen,  results  in  the  high  gain  in  brightness  available  for  viewing,  when  compared  with  the 
rudimentary  fluoroscope  described  nithcr*1". 

The  image  on  the  secondary  screen  of  the  1. 1.  can  be  optically  magnified.  Alternatively  a 
television  camera  is  sometimes  flbroptlcally  coupled  to  sllov  a magnified  Image  to  be  presented  on  to  a 
TV  monitor. 

However,  In  the  system  described  are  two  particulate  phosphors,  which  can  cause,  In  a similar  way 
to  the  fluorescent  screens  In  radiography,  degradation  of  Image  detail  due  to  energy  unsharpness,  (Uf), 
screen  unsharpness,  (Us),  etc. 


In  addition,  the  Integrating  tine  of  a true  real-tine  system  la  0 and  thua  the  phoaphora  need  to 
be  faat  and  non-peralatent , which  they  are  not.  A coaproalae  reaulta  In  a workable  ayatea,  but  lacking 
In  reaolutlon  when  coapared  with  standard  Industrial  x-radlography. 

It  la  recorded  that  tha  aenaltlvlty  of  real  tlae  laage  devices  inprovea  aa  the  primary  (x-ray) 
magnification  Increases  [ 27  J to  a Halt  when  the  effect  of  the  geometric  unsharpness  (Ug)  predominates 
In  the  combination  of  the  effects  of  all  the  unsharpnesses  In  the  systen.  This  Implies  that  ultimately 
the  reaolutlon  of  such  a system  aa  In  radiography  will  be  limited  by  the  size  of  the  focal  spot  and 
when  these  are  very  small  (10-50  pm)  a large  magnlf lcatlon  can  be  used  and  thua  an  improvement  in 
reaolutlon  la  to  oe  expected.  Unfortunately  other  limitations  are  Imposed  by  the  low  screen 
brlghtners,  associated  with  the  relatively  low  radiation  Intensities  available  frost  such  small  foci  at 
large  magnification  distances,  particularly  afcer  further  attenuation  by  the  specimen.  A clumpy 
gralnlness  appears  on  the  screen  known  as  'quantum  mottle*  when  the  sensitivity  la  not  improved  by 
Increasing  the  Intensification  to  this  level,  or  further.  High  resolution  fluoroscopy  is  therefore 
currently  limited  to  relatively  thin  sections.  However,  photographs  of  TV  presentations  showing  the 
Images  of  the  trailing  edge  of  a turbine  blade  illustrates  the  potential  of  this  technique  on 
aero-englne  components  (Plate  14). 

16.  XERO- RADIOGRAPHY  using  the  Rank  Xerox,  system  125  has  become  an  Important  method  of  graphic 
reproduction  in  the  medical  field.  The  basic  xerographic  process  Is  versatile  and  allows  the  light 
source  to  be  replaced  wlch  an  x-ray  source,  thua  xero-radlographs  are  produced.  The  process  replaces 
photographic  film  w'th  an  aluminium  plate  coated  with  a layer  of  amorphous  selerlum.  This  semi- 
conducting layer  is  sensitised  by  imparting  an  even  electrical  charge  to  Its  surface  by  passing  over  an 
alr-lon  generating  divlce.  When  exposed  to  x-rays  the  charge  leakage  depends  on  the  Intensity  of  the 
radiation  reaching  at y point  on  Its  surface.  The  thicker  (or  denser)  regions  of  an  object  will  absorb 
most  of  the  x-rays  < nd  the  plate  under  these  areas  will  retain  most  of  the  original  charge.  Areas 
under  the  less  dense  regions  will  allow  more  x-rays  to  the  plate  with  a consequent  leakage  away  from 
these  areas.  Thus  a latent  Image  Is  built  as  a pattern  of  the  remaining  charge  on  the  plate. 
Development  of  the  Image  Is  achieved  by  blowing  charged  powder  on  to  the  plate  which  Is  attracted  to 
any  area  in  proportion  to  the  charge  and  therefore  proportional  to  the  x-ray  exposure.  A further  ton 
emitting  device  is  used  to  transfer  the  Image  to  a paper  carrier  which  Is  fixed  by  heating.  The  system 
can  operate  In  a positive  or  negative  mode.  The  plate  is  also  re-usable  and  In  some  circumstances  Is  a 
convenient  and  economic  alternative  to  photographic  film. 

One  well  established  use  Is  In  the  radiography  of  the  core  assemblies  of  Investment  castings,  when 
the  presence  of  cracks  In  the  silica  tubes  and  the  correct  placement  of  the  air  cooling  duct  assemblies 
can  be  checked  rapidly  and  economically  (Plate  15).  For  high  resolution  work  the  process  has  some 
advantages.  The  technique  for  detecting  mlcroporoslty , which  has  already  been  described,  utilises  film 
but  the  xero-radlograph  of  a similar  turbine  blade  Is  shown  in  Plate  16.  This  technique  proved  to  be 
superior  and  revealed  details  with  greater  resolution  than  the  film  techniques  but  the  considerably 
longer  exposure  times  were  prohibitive  (8  minutes  as  opposed  to  20  seconds).  The  Interesting  edge 
enhancement  found  at  the  Intensity  steps  Is  a characteristic  which  Is  peculiar  to  the  xero  process  and 
may  well  be  capitalised  on  In  future  x-ray  techniques  applicable  to  aero  engines.  For  fine  detail  work 
however,  the  system  that  was  tried  at  Harwell  was  not  completely  reproducible,  a requirement  that  must 
be  satisfied  when  large  numbers  of  components  are  to  be  examined  with  confidence  when  flaws  of  micro 
size  are  to  be  detected  and  evaluated. 

17.  RADIOGRAPHY  USING  PROTONS 


Proton  radiography  was  first  proposed  by  Koehler  [28]  who  pointed  out  that  the  sensitivity  to 
thickness  variations  was  very  high.  At  an  energy  of  160  MeV  the  limiting  sensitivity  Is  about  0.2X, 
with  the  range  32  mm  of  steel,  which  compares  favourably  with  the  sensitivities  achieved  using  x-rays. 
The  principles  were  demonstrated  mainly  with  medical  samples  [ 29]  but  were  first  used  on  aero-englne 
components  by  West  [30]  when  thick  sectioned  turbine  blades  were  examined  for  the  presence  of 
mlcroporoslty.  Unfortunately  the  apparently  unavoidable  unsharpness,  caused  by  the  multiple  Coulomb 
scattering  of  the  particles,  does  not  permit  Images  of  high  resolution,  except  when  the  detail  is  close 
to  the  film. 

However,  this  marginal  range  technique  (Fig. 19)  Is  capable  of  attaining  contrast,  which  Is  not 
possible  with  x-rays,  which  can  sometimes  compensate  for  the  lack  of  definition  of  derail.  The  high 
thickness  sensitivity,  achieved  by  matching  the  energy  with  the  thickness  to  be  radiographed,  produces 
radiographs  of  minimal  latitude  and  therefore  the  varying  sectional  thicknesses  of  a turbine  blade 
require  equalising  masks  (anti-blades)  to  compensate.  The  technique  has  been  used  to  examine  a large 
number  of  experimental  blades  and  Its  use  has  lead  to  Improvements  In  blade  manufacturing  and 
Inspection  techniques. 


Transmission  of  protons  of  a given  initial  anargy 


18.  NEUTRON  RADIOGRAPHY 


Figure  19 


Radiography  using  thermal  neutrons  Is  an  established  technique  for  examining  for  the  presence  of 
residue  core  material  In  turbine  blades  and  nozzle  guide  vanes  etc.  These  components  may  have  complex 
cooling  galleries  within  the  aerofoil  sections  since,  like  many  other  aero-engine  components,  they  are 
also  made  using  the  lost  wax  Investment  casting  process.  After  casting,  a chemical  process  Is 
used  to  remove  the  core  material  which  consists  of  silica-zircon  ceramics.  Because,  in  some  cases.  It 
is  not  possible  to  view  Inside  the  galleries,  assurance  that  all  the  core  material  is  removed  Is  needed 
before  these  components  are  used  In  an  engine.  A local  temperature  gradient  or  even  incandescence  can 
occur  at  positions  where  core  material  remains  and  thus  may  lead  to  a forshortenlng  of  the  life  of  the 
component  or  even  premature  failure. 

For  some  components,  neutron  radiography  can  fortuitously  detect  the  presence  of  core  material 
whereas  x-  and  gamma-radiography  can  not.  The  quality  of  a neutron  radiograph  is  determined  primarily 
by  the  flux  of  neutrons  available.  Most  neutron  radiography  to  date  has  been  carried  out  using  thermal 
neutrons  (0.025  eV)  although  cold  neutrons  (<0.005  eV)  have  been  used  for  some  applications.  Neutrons 
sources  emit  a range  of  energies  well  above  the  thermal  energies  and  they  must  be  moderated  or  reduced 
in  energy  to  become  useful  for  radiography;  because  the  attenuation  coefficients  of  the  higher  energies 
are  too  low  for  most  materials  to  produce  radiographic  contrast. 

In  a similar  way  to  the  x-ray  case,  the  resolution  of  a neutron  radiographic  facility  ultimately 
depends  on  the  geometry.  This  however  is  expressed  as  the  L/d  ratio  where  L ■ length  from  aperture  to 
the  detector/f lira,  d - diameter  of  the  aperture  from  which  the  neutrons  emerge,  and  this  ratio 
determines  the  potential  resolution  of  the  system. 

Other  factors  such  as  the  neutron  scattering  produced  by  the  sample  and  the  inherent  unsharpness 
of  the  film  and  foil  will  also  affect  the  resolution.  So  also  does  the  gamma  radiation  that  is  present 
when  neutrons  are  generated.  This  will  decrease  the  contrast  thereby  reducing  the  resolution.  The 
presence  of  gamma  radiation  limits  the  capability  of  low  intensity  sources  and  generally  it  is  not 
possible  to  produce  a neutron  radiograph  by  excessively  long  exposures  because  the  gamma  ray  Image  may 
then  predominate  and  thus  the  advantage  of  favourable  contrast,  obtained  by  using  thermal  neutrons, 
would  be  nullified. 

A comparison  between  the  attenuation  of  thermal  neutrons  and  120  kV  x-rays  is  shown  in  Fig .20.  It 
can  be  seen  that  in  the  case  of  x-rays  the  Increase  is  steady  and  smooth  with  an  Increase  in  atomic 
numbers.  The  neutron  attenuation  coefficients  however  vary  markedly  from  element  to  element.  Whilst 
x-rays  Interact  with  the  electrons  orbiting  the  nucleus,  neutrons  interact  with  the  nucleus  of  atoms. 
This  means  that  low  density  elements  such  as  are  In  the  residue  core  material  can  present  a greater 
barrier  to  a beam  of  thermal  neutrons  than  heavy  metals  (e.g.  turbine  blades  made  of  nickel-based 
alloys) . 

Nuclear  reactors  are  prolific  sources  of  thermal  neutrons  and  they  can  provide  a facility  (Flg.21) 
that  produces  radiographs  of  high  quality,  with  short  exposures.  For  subjects  with  suitable  contrast 
the  resolution  can  be  similar  In  quality  to  that  of  radiographs  taken  with  low  energy  x-rays  (Plate 
17).  Consequently,  up  till  the  present  time,  most  neutron  radiography  of  engine  components  has  been 
carried  out  using  reactor  sources. 

Alternative  transportable  or  mobile  sources  may  be  convenient  to  apply  on  the  premises  of  the 
blade  manufacturer,  and  indeed  the  operating  costs  may  be  lower.  So  far  the  alternatives  have  yet  to 
be  proved  viable  as  regards  either  coping  with  the  numbers  of  samples  involved  or  producing  the  quality 
of  radiograph  which  Is  currently  desired  for  most  aero-englne  components. 


MASS  AESONFTION  COEFFICIENTS  OF  THE  ELEMENTS 


Reactor  Reactor 


Core  tank  face 


HARWELL -DIDO  REACTOR 


Figure  21 

18.2  Types  of  detector 

An  Intermediate  thin  foil  of  material  la  required  to  convert  the  neutrons  Into  the  gamma  radiation 
or  beta  particles  which  can  then  be  recorded  on  a photographic  film  In  the  normal  way.  Thin  foils  of 
rare  earth  metals  are  used  to  overcome  the  Inability  of  neutrons  to  fora  their  own  latent  image  and 
basically  two  techniques  are  used  to  overcome  this  limitation.  In  one,  the  transfer  technique  (Fig. 22) 
a metal  foil  Is  placed  Into  the  exposure  position  and  after  a predetermined  time,  the  foil  Is  removed 
then  placed  Into  Intimate  contact  with  a photographic  film  for  a further  exposure  period.  Thus  the 
Image  Is  transferred.  The  foils  which  are  rendered  radioactive  by  the  neutrons  and  Che  activity  of  the 
foil  depends  on  Che  number  of  neutrons  Impinging  on  the  foil.  The  activity  from  point  to  point  across 
the  foil  Is  thus  proportional  to  the  variation  of  opacity  to  neutrons  of  the  component  being 
radiographed.  The  transfer  technique  Is  particularly  useful  for  the  radiography  of  radioactive 
specimens  In  the  nuclear  Industry,  which  emit  their  own  radiations  that  causes  serious  fogging  of  the 
film  If  x-radiography  Is  used..  The  transfer  foil  Is  not  affected  by  the  gamma  radiation  from  the 
active  specimen  and  the  remote  position  of  the  film  eliminates  the  fogging.  Foils  of  Indium  and 
dysprosium  are  used  and  these  materials  have  half  llfes  of  54  minutes  and  2.3  hours  respectively.  The 


anergic.  of  the  beta  particles  ealtted  by  lndlua  and  dysproalua  are  approximately  1 MeV  and  thus  an 
unsharpness  due  to  this  energy  Is  apparent.  An  Increase  In  unsharpness,  as  In  the  x-ray  case,  which 
has  been  previously  stated,  is  evident  as  the  energy  Is  Increased. 


TRANSFER  METHOD 


Metal  foil 
(Usually  Indium 
or  dysprosium.) 


Holder 


1.  Neutron  exposure. 

2.  Transfer  exposure.  The  images  from 
the  active  foil  are  transferred  on  to 
photographic  film.  ( 2 films  can  be 
expoeed  simultaneously.) 

3.  Process  film. 


Metal  foil 


Film 


Figure  22 

The  best  results  for  residual  core  detection  In  castings  however  are  obtained  using  the  direct 
technique.  The  rare  earth  gadolinium  Is  used  and  a thin  foil  is  loaded  together  with  the  photographic 
film  Into  a cassette  and  exposed  directly  (Fig. 23). 


DIRECT  METHOD 


foil 

1.  Neutron  exposure 

2.  Process  film 


Figure  23 

When  neutrons  collide  with  the  foil  the  nuclear  reactions  (I.C.  71  KeV  min)  taking  place  In 
it  lead  to  emissions  of  beta  particles  (electrons).  The  electrons  react  with  the  photographic  film  to 
produce  an  image.  Electrons  produced  from  gadolinium  have  energies  of  approximately  7 keV  and  are 
promptly  emitted  when  a neutrons  is  absorbed  by  the  foil.  The  low  energy  electrons  are  thus  capable  of 
producing  a sharp  image  and  they  have  the  resolution  potential  similar  to  that  of  low  kV  x-radiography . 
This  is  due  to  the  short  path  length  of  the  low  energy  electrons  in  the  silver  compounds  of  the 
photographic  material. 


18.2  Alternative  eourees 


It  la  necessary  to  discuss  alternative  aourcea  to  enable  noncluslons  to  be  drawn  on  the  potential 
reeolutlon  of  each  type  and  to  sake  comparisons  between  the  results  achieved  by  these  and  the  high  flux 
reactor  sources. 

1.  Kuclaar  reactors 

2.  High  voltage  neutron  generator  tubes 

3.  Isotopic  sources 

1.  High  energy  x-ray/berylllua  sources. 

All  neutron  sources  produce  energies  auch  higher  (fast  neutrons)  than  the  theraal  level  and  aust  be 
moderated  (reduced  In  energy)  before  they  are  suitable  for  radiography.  Neutrons  lose  their  energy  by 
■ultlple  collisions  with  atoas  of  aoderatlng  materials,  particularly  graphite,  paraffin  wax  and  water. 
Moderating  aaterlals  are  Integral  parts  of  nuclear  reactors  and  allow  theraallsed  beans,  with  aore  chan 
adequate  colllaatlon  (L/d  ratio)  directly.  The  alternatives,  which  also  require  moderation  and 
colllmatlon,  are  so  reduced  In  flux  that  the  radiographic  resolutions  do  not  approach  that  attained 
using  a reactor  source. 

18.3  Generator  tubes 

Neutrons  are  produced  by  deuteron-deuteron  or  deuteron-trlton  reactions  and  the  beaas  have  fluxes 
of  105  - 1 06  neutrons  ca~^  sec”*.  These  fluxes  can  only  be  achieved  wlch  some  relaxation 
in  the  colllmatlon.  In  consequence  the  picture  quality  suffers  ant'  the  results  are  rather  like  coarse 
grained  fast  salt-screen  radiographs. 

18. A Isotopic  sources 

The  flux  of  collimated  thermal  neutrons  obtained  by  ujlng  these  sources  are  alto  of  a relatively 
low  order.  Composite  sources  have  been  considered  which  are  constructed  basically  of  2 parts.  One  an 
alpha  or  gamma  emitter  and  the  other  a beryllium  component.  The  alpha  particles  or  the  gamma  radiation 
Interact  with  the  beryllium  component  to  produce  neutrons.  The  most  promising  source  for  mobile  work 
appears  to  be  californium  252  (Cf  252). 

The  radiographs  produced  by  the  high  energy  x-ray/berylllua  route  are  also  lacking  in  quality  for 
the  same  reason  - the  neutron  flux  Is  Insufficient.  Plate  18  presents  Illustrations  of  a typical 
turbine  blade  which  has  been  radiographed  using  a variety  of  techniques  [31].  Although  the 
photographic  resolution  varies  with  the  particular  technique  that  is  used,  all  reveal  the  presence  of 
the  core  material  Indicating  that  neutron  radiographs  can  be  produced  with  low  fluxes  and  providing  the 
subject  presents  suitable  contrast;  the  results  are  not  high  resolution  from  the  photographic  sense  but 
can  be  useful  nevertheless. 

When  the  flux  Is  so  diminished  due  to  moderating  and  collimating  the  beam,  special  detectors  are 
required.  These  consist  of  a neutron  scintillating  plate  containing  small  particles  of  lithium 
fluoride  and  zinc  sulphide.  The  lithium  converts  the  neutrons  to  alpha  particles  which  ret  on  the  zinc 
sulphide,  which  emits  flashes  of  light.  These  In  turn  are  Imaged  on  the  photographic  film.  More 
recently  the  rare  earth  screens  of  gadolinium  oxysulphlde  have  been  found  to  be  useful  In  the  same  way. 
Dae  of  both  of  these  devices  result  In  a considerable  reduction  In  the  exposure  time  required  - at  the 
expense  of  Image  quality.  They  do  however  enable  radiographs  to  be  obtained  when  the  rare  earth  foils 
are  unsuitable,  as  In  the  case  when  only  a low  flux  source  of  neutrons  Is  available. 

18.5  Resolution 

When  considering  the  Image  forming  capabilities  of  neutron  radiography  account  must  be  taken  of 
the  contrast,  which  Is  effected  by,  variations  In  specimen  thickness,  differing  materials  and  the 
energy  of  the  neutrons.  The  scattering  produced  by  the  specimen  contributes  to  image  degradation 
although  In  practice  this  Is  serious  only  on  the  larger  sectional  thicknesses  or  with  materials  of  high 
scattering  cross  section.  Unsharpness,  due  to  foil  or  films,  which  originates  from  the  Isotropic 
nature  of  neutrons  and  electrons  can  be  Improved  by  using  thinner  convertor  foils,  which  are  typically 
0.1  mm  when  using  the  direct  technique.  A gadolinium  coating  0.01  mm  thick  is  sometimes  used  for  high 
quality  work.  Single  emulsion  films,  which  effectively  halve  the  effects  of  any  gamma  radiation  in  the 
beam,  also  Improves  the  resolution. 

The  resolution  achieved,  using  neutron  radiography  varies  with  the  particular  application  and  the 
technique  that  Is  used.  The  only  advantage  of  using  scintillators  Is  a reduction  In  exposure  time, 
since  It  can  be  100  times  faster  than  the  metal  screens  but  the  resolution  Is  In  the  order  of  1 as. 

Using  the  transfer  technique  with  Indium  or  dysprosium  foils  this  Is  Improved  to  0.3  az.  For 
maximum  resolution  the  direct  technique,  using  a neutron  flux  of  10®  neutrons  cm”^  sec”*,  a 
resolution  of  0.01  mm  Is  possible.  Therefore  with  a suitable  sample  this  tmuld  qualify  as  a high 
resolution  radiographic  technique. 

18.6  Direct  viewing 

Image  lntenalflers,  with  phosphors  adapted  to  convert  neutrons  to  light,  have  been  used  to  form  a 
direct  viewing  system.  These  may  find  applications  In  imaging  dynamic  events,  for  Instance  for 
observing  the  distribution  of  oils  within  an  aero-englne  whilst  running. 

Although  most  of  the  neutron  radiography  In  the  aircraft  Industry  has  been  applied  to  the  ’residue 
core'  problem  there  are  others  which  should  be  mentioned  here.  Mobile  equipment  using  the  Isotope  Cf 
252  has  been  used  to  detect  corrosion  In  airframes  [32],  when  radiographs  of  'high  resolution'  were  not 
a requirement. 
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Neutron  radiography  has  also  been  applied  to  the  examination  of  brazed  joints,  detection  of 
adhesives  in  honeycomb  sections,  detection  of  organic  compounds  such  as  paper  washers,  rubber  *0*  rings 
in  thick  metallic  assemblies  and  the  measurement  of  a component  within  an  assembly. 

18.7  Measurement  using  neutron  radiography 

Neutron  radiogaphic  measurement  techniques  have  yet  (to  the  author's  knowledge)  to  be  applied  to 
aero-engine  parts.  It  has  however  been  used  *.i  the  nuclear  industry  to  measure  the  progressive 
swelling  of  samples  undergoing  irradiation  33  • Tell-tale  devices  are  incorporated  into  the  rig  which 
are  made  of  materials  of  high  neutron  cross  sections  such  as  dysprosium.  The  devices  are  spring-loaded 
against  the  component  to  be  measured  and  the  relative  positions  of  the  tell-tale  can  be  measured  and 
related  to  progressive  Increases  in  size.  Accuracies  of  + 0.025  am  have  been  achieved  and  the 
technique  may  also  find  application  in  dynamic  radiography  of  aero-engines,  when  contrast  and  thus 
resolution  Is  lacking,  as  sometimes  is  the  case  when  x-rays  are  used.  Similar  tell-tales  could  be 
introduced  providing  silhouettes  of  extremely  high  contrast  and  resolution  within  large  sectional 
thickness  of  a complete  engine,  and  so  measurements  could  be  made  of  dimensional  changes  with  greater 
precision. 

19.  CONCLUSIONS 


Microfocal  x-ray  units  are  now  established  as  viable  radiographic  inspection  tools.  They  can 
consistently  produce  high  resolution  radiographs  of  aero-engine  components  and  they  can  be  operated  by 
the  normal  radiographer  employed  in  the  aero-engine  industry.  These  units  can  be  installed  in  shielded 
compartments  on  the  shop  floor  which  cost  a fraction  of  exposure  cells  having  conventional  x-ray 
equipment. 

Mlcrofocal/dlrect  viewing  systems  can  produce  results  of  higher  resolution  than  normally  achieved 
but  unless  the  radiation  output  from  microfocal  units  is  Increased  considerably  their  use  will  be 
limited  to  metallurgical  specimens. 

Neutron  radiography  can  produce  radiographs  of  high  resolution.  Indeed,  the  technique  of 
detecting  the  residue  core  material  In  aero-engine  investment  castings  is  used  on  both  sides  of  the 
Atlantic.  Although  mobile  neutron  souices  can  produce  results,  which  may  not  in  the  strictest  sense  be 
claimed  to  be  of  high  resolution,  they  can  however  sometimes  resolve  conditions  such  as  'core  residues' 
and  will  be  applied  when  it  Is  not  practical  or  economic  to  use  reactor  sources. 
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APPENDIX 


the  ,1|  are  difficult  to  reproduce  with  any  printing  process  and  there  Is  no  doubt,  despite 

included  in  this  an  aV  S°me  t'*113  ‘n  tHe  PlatCS  “U1  **  lnfer‘°r  to  the  originals.  However. 

conve^Hnn  1 a,  PP*k  are  exa"’Ples  of  high  definition  radiographs  which  can  be  compared  with 
conventional  radiographs  and  hopefully  the  advantages  of  using  micro focal  sources  will  be  demon- 
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Photographs  of  the  screen  of  a T.V.  aonltor 
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Neutron  radiograph  of  a brazed  joint  (right) 


compared  with  an  x-radiograph  material.  Brass  12.5  am  thick 


The  contrast,  resulting  in  excellent  resolution,  is  due  to  traces  of  cadmium  in  the  brazing  material 
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Illustrating  varlou*  neutron  r*dlogr«phy  technique*  applied  to 
the  detection  of  residue  core  material  within  the  gallerlce  of  a ‘urblne  blade 
Although  the  resolution  varle*  with  each  technique,  all  are  capable  of 
detecting  the  pretence  of  the  core  material 
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SUMMARY 

Factors  controlling  the  cost  of  ownership  of  expensive  military  equipment  are  outlined  with  specific 
reference  to  the  role  of  wear  on  scheduled  and  unscheduled  maintenance.  The  value  and  limitations  of  . 
established  condition  monitoring  techniques  and  procedures,  based  on  study  of  the  particulate  debris 
carried  by  the  lubricating  fluid,  are  explored  for  engine,  gearbox  and  hydraulic  euetema.  An  account  is 
given  of  current  effort  to  improve  these  techniques  and  of  research  to  evolve  meaningful  monitoring 
measures  for  a more  scientific  approach  to  the  development  and  operation  of  new  machinery  incorporating 
advanced  engineering  designs  and  materials.  An  idealised  research  and  development  programme,  centred  on 
gear  profile  failure  demonstrator  facilities,  including  a number  of  supporting  scientific,  technological 
and  design  exercises,  is  presented. 


1.  INTRODUCTION 

In  absolute  terms,  the  cost  of  ownership  of  an  aircraft  is  directly  related  to  the  time  it  is  available 
for  operation  against  that  originally  planned  at  the  design  and  specification  stage,  and  this  is  shown  in 
detail  in  Fig  1 from  which  it  can  be  seen  that  maintenance  costs  represent  an  important  and  vital  element. 
With  increasing  sophistication  of  design  and  construction  there  has  been  a continual  increase  in  maintenance 
costs  and  it  is  not  unusual  for  these  to  represent  a third  of  the  total  ownership  cost,  hence  any  improve- 
ments in  the  ability  to  predict  and  control  deterioration  is  likely  to  have  a profound  influence  on  life 
costs. 


The  normal  procedure  for  improving  both  reliability  and  performance  is  to  accumulate  experience  from 
field  operations  and  then  to  apply  this  knowledge  retrospectively  to  iterative  development  of  design  and 
construction  processes.  This  is,  however,  a laborious  process  and  a number  of  statistical  surveys  to 
highlight  the  major  causes  of  unreliability  and  high  maintenance  costs  have  merely  indicated  the  need  for 
a more  scientific  approach  involving  research  activity  to  improve  knowledge  of  material  behaviour,  to 
reveal  the  true  nature  of  loadings  and  environments,  and  to  evolve  more  accurate  means  for  assessing  future 
satisfactory  performance  and  residual  safe-life.  Such  information  is  required  both  for  a more  accurate 
scheduled  component  replacement  programme,  and  for  quantifying  defects  and  their  significance  in  terms  of 
fitness  for  service.  Implicit  in  the  acquisition  of  such  knowledge  is  the  need  to  provide  more  effective 
means  for  transferring  this  knowledge  between  design,  production  and  operation,  as  each  problem  area  will 
require  attention  and  support  from  technology,  management  and  data  retrieval.  Such  an  approach  involving 
the  integration  of  a number  of  disciplines  and  responsibilities  to  achieve  maximum  life  performance  has 
received  much  attention  recently  in  the  UK  under  the  general  term  Terotechnology , or  in  its  simplest  terms, 
the  Science  of  Care1 . 

The  three  interrelated  major  elements  of  Terotechnology  as  applied  to  complex  engineering  systems 
shown  in  equilibrium  in  Fig  2 are: 

i Improved  management  by  the  development  of  means  for  increased  awareness,  and  for  stimulating 
individual  responsibilities  within  the  complex  management  involved  in  the  control  of  costs  in  large 
enterprises. 

ii  Improved  technology  transfer  for  enhancing  the  quality  of  technical  knowledge  along  the  lines  of 
decision  by  harnessing  relatively  unoriented  research,  development  and  experience  to  the  reduction  of 
ownership  cost. 

iii  Evaluation  of  more  cogent  means  for  generating  pertinent  data  and  systems  for  the  automatic 
feedback  to  the  design  stage  of  more  critical  information  on  the  factors  dominating  maintenance  and 
residual  safe  life  of  expensive  and  strategically  important  aircraft. 

An  effective  scheme  for  achieving  such  information  and  thereby  to  enhance  and  improve  the  Design  and 
Specification  process  is  outlined  in  Fig  3 which  emphasises  the  need  for  degradation  demonstrator  exercises 
upon  which  to  evolve  more  effective  health  sensing  and  safety  monitors.  Such  a demonstrator  programme 
requires  to  take  a number  of  design  variables  into  account  aimed  specifically  at  factors  controlling  cost 
rather  than  performance  and  would  provide  both  on-line,  or  periodic, residual  health  and  safety  indicating 
monitors  for  equipment  either  under  development,  or  in  full  operation. 

Such  demonstrator  exercises  are  required  to  study  and  provide  information  on  each  of  the  six  major 
forms  of  degradation  experienced  in  aircraft  and  outlined  in  Fig  4,  some  of  which  are  interdependent. 

The  value  of  such  an  approach  to  all  factors  influencing  the  cost  of  aircraft  can  be  seen  from  Tig  5,  but 
the  concept  relies  heavily  on  the  existence  of  highly  effective  and  meaningful  health  sensing  techniques. 
Those  required  for  monitoring  strain  damage  and  corrosion  damage  rates  are  outside  the  scope  of  this  paper, 
which  is  concerned  principally  with  wear  damage  rate. 
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The  effect  of  wear  in  bearing  and  sealing  systems  on  both  scheduled  and  unscheduled  maintenance  costs 
is  considerable  and  spans  a wide  range  of  tribophysical  and  tribochemical  science  and  technology.  The 
whole  span  of  scientific  and  technological  discipline  covering  the  subject  of  Tribology  has  been  the  subject 
of  considerable  academic  and  technological  activity  in  the  UK  over  the  past  two  decades^.  However,  improve- 
ments to  bearing  surfaces  has,  and  continues  to  be,  largely  empirical,  but  in  advanced  aircraft  systems, 
for  example  in  helicopter  -searing  and  power  transmission,  it  is  now  essential  to  identify  more  clearly  those 
design,  material  and  loading  interactions  governing  changes  in  critical  surface  condition  leading  to  a 
sequence  of  deterioration  processes,  sometimes  culminating  in  catastrophic  failure. 

2.  THE  NATURE  OF  WEAR  ANE  ITS  CONSEQUENCES 

As  in  the  case  of  the  gap  between  dislocation  theory  and  fracture  mechanics  in  the  scientific  and 
technical  understanding  of  strain  hardening  and  crack  behaviour  in  metals,  so  a similar  gap  exists  between 
the  study  of  microsurface  phenomena  and  characterisation  of  surfaces  and  the  visual  appearance  of  macro- 
degradation upon  which  engineering  experience  and  design  ir,  bearing  systems  are  baaed.  The  performance  and 
improvement  of  bearing  surfaces  has  evolved  historically  it om  iterative  development  of  materials  and  systems 
within  specific  loading  and  environmental  conditions,  frequently  to  a high  degree  of  satisfactory  performance. 
The  surface  geometry,  superimposed  vibration,  and  above  all  the  nature  and  continued  integrity  of  the 
lubricant  under  time  and  environmental  degradation  are  thus  major  influences  on  changes  to  optimum  surface 
condition,  and  hence  to  a possible  increase  in  the  rate  of  wear. 

Under  ideal  operating  conditions  the  first  stages  of  wear  are  likely  to  be  dominated  by  a burnishing 
of  asperities  between  the  surfaces  in  relative  motion  with  a consequent  shedding  of  a small  quantity  of 
particular  matter.  This  then  leads  increasingly  to  burnishing  and  passivation  of  the  surfaces,  and  under 
ideal  conditions  of  lubrication,  prolonged  operation  with  low  wear  rates.  Such  conditions  are,  however, 
not  always  obtained  and  highly  localised  micro -galling  may  follow  from  the  presence  of  impurities  in  the 
lubricant,  mechanical  reasons  for  the  breakdown  of  hydrodynamic  lubrication,  or  from  work  hardening  of 
mating  surfaces,  particularly  under  heavy  loading  conditions. 

Different  influences  operate  in  gas,  and  dry  bearings,  and  in  seals  where  mating  materials  are  often 
of  widely  different  composition,  and  operate  under  lighter  load  bearing  pressures.  For  instance,  quite 
recently  the  nature  of  seal  performance  and  wear  has  been  observed  as  a distinct  three  concentric  band 
phenomena?  across  the  width  of  the  seal.  Thus,  immediately  adjacent,  and  in  contact  with  the  sealed  fluid 
there  is  usually  a circumferential  band  due  to  interaction  of  the  sealing  surfaces  with  the  fluid.  A 

similar  effect  is  observed  on  the  other  outer  band  but  the  centre  band  is  usually  highly  discoloured  due  to 
the  effective  sealing  action  associated  with  a local  surface  temperature  rise  causing  a high  temperature  and 
pressure  gas  band  with  highly  effective  sealing  and  minimum  surface  contact  and  wear.  This  effect  is  due 
to  the  local  surface  conditions  within  the  centre  band  approaching  the  critical  temperature  and  pressure  of 
the  fluid  being  sealed,  thereby  generating  a highly  effective  and  minimum  wear  gas  band  condition,  virtually 
independent  of  the  sealing  material  pairs.  The  effect  is  most  marked  in  graphite  silicon  carbide  systems. 

This  paper  is,  however,  concerned  principally  with  the  wear  particles  in  fluid  lubricated  bearing 
systems,  and  the  main  categories  of  wear  have  been  classified  in  engineering  terms  as  Abrasion,  Erosion, 
Fretting,  Scuffing  and  Contact  Fatigue.  Each  of  these  forms  relate  mainly  to  the  nature,  velocity  and  load 
intensity  of  the  particular  systems,  to  the  quality  of  the  initial  design  and  specification,  and  to  the 
care  and  integrity  of  subsequent  operation  and  maintenance. 

Abrasion  is  mainly  a function  of  the  nature  of  the  initial,  or  developing,  surface  conditions,  or  the 
presence  and  effect  of  foreign  particles  in  generating  a cutting  action.  This  condition  then  becomes  self- 
generating  and  takes  the  form  of  progressive  scoring  to  the  point  where  lubrication  becomes  ineffective 
with  ultimately  complete  surface  breakdown.  Timo-scales  involved  in  such  processes  depend  much  upon  surface 
load  intensity,  superimposed  vibration,  and  the  degree  of  aggression  introduced  by  the  contaminants  in  the 
lubricating  fluid,  but  :'v:  rate  of  wear  always  increases  exponentially  towards  the  end  of  the  life  of  the 
bearing. 

Surface  degradation  by  erosion  resulting  from  the  imposition  of  localised  high  energy  release  by  vapour 
bubble  collapses,  or  by  high  microturbulence,  is  not  usually  encountered  within  bearing  surfaces,  but  may 
occur  at  some  locations  within  a total  dynamic  lubrication  system  with  consequent  material  shedding 
and  harmful  contamination  and  deleterious  effect  to  bearing  surfaces. 

Fretting  constitutes  surface  breakdown  through  a combination  of  mechanical  and  oxidative 
reactions,  sometimes  with  minimum  oscillatory  sliding  motion.  It  is  particularly  sensitive  to  temperature 
and  environmental  aggression  and  somewhat  similar  to  stress  corrosion  and  corrosion  fatigue  in  its  effect 
upon  fatigue  crack  initiation  and  growth.  It  arises  as  a result  of  highly  localised  bearing  pressures 
associated  with  lubrication  impoverishment  or  starvation.  The  nature  of  the  associated  debris  is  usually 
associated  with  a high  state  of  oxidation  of  the  bearing  material  surfaces. 

Scuffing  is  a gross  fora  of  fretting  resulting  from  work  hardening  and  shedding  of  metal  from  surfaces 
in  sliding  motion  and  is  exemplified  by  flakes  of  debris  arising  from  local  seizures. 

Contact  fatigue  is  probably  the  most  undesirable  form  of  wear  as  it  can  herald  sudden  catastrophic 
failure.  Surface  degradation  by  highly  localised  strain  hardening  and  loss  of  ductility  can  occur  under 
both  sliding  and  rolling  motions,  although  it  is  most  common  under  rolling  contact  conditions  in  ball  and 
roller  bearings,  gear  flanks  and  cam  surfaces.  It  arises  as  a result  of  orthoganal  shear  stress  concentr- 
ation causing  lattice  dislocation  movements  with  micro-fracture  and  shedding  of  work  hardened  material  and 
the  formation  of  surface  pitting.  The  presence  of  such  surface  flaws  may  be  associated  with  material 
inhomogeneity  or  the  existence  of  surface  breaking  impurities  and  inclusions.  A consequential  effect  may 
be  the  generation  of  pockets  of  high  pressure  fluids  'under  rolling  contact  conditions  with  further  stress 
concentration  and  fatigue  crack  growth.  The  mechanism  is  accelerated  by  the  presence  of  a corrosive 
environment,  in  particular  where  hydrogen  can  be  generated  by  electrochemical  activity  with  its  consequent 
mobility  and  embrittlement  effect  on  the  material,  in  particular  in  steel. 
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Initial  passivation  conditioning,  steady  state  and  exponentially  rate  wear  is  invariably  accompanied 
by  the  generation  of  debris  whose  chemical  constitution  and  physical  concentration  must  be  related  directly 
to  the  phenomena  existing  on  the  tribological  surfaces.  Thus,  scientific  and  technological  interpretation 
of  wear  debris  in  terns  of  its  origin  and  generation  provides  direct  intelligence  of  conditions  existing 
at  wear  interfaces,  and  this  gives  diagnosis  and  prognosis  of  current  and  projected  wear  surface  deterioration 
as  shown  in  Fig  6. 

Each  of  the  major  wear  and  degradation  processes  can  operate  independently  in  bearing  systems  according 
to  the  geometrical  nature,  operating  loads  and  environmental  influences  concerned,  but  it  is  more  likely  that 
two  or  more  interact  simultaneously  or  in  sequence.  For  instance,  abrasive  wear  may  lead  to  aseymetry  of 
operation  with  changes  in  hydrodynamic  lubrication  permitting  direct  contact  of  bearing  surfaces  and  the 
onset  of  contact  fatigue.  Conversely,  rolling  or  sliding  contact  fatigue  may  shed  hardened  particles  which 
will  then  increase  the  abrasive  content  of  particulate  matter  in  the  oil  with  increase  in  wear  rate. 

Erosion  or  Fretting  wear  products  may  have  a similar  effect. 

Once  a fatigue  crack  situation  has  been  established  by  undesirable  tribological  effects  at  the  surface 
of  components,  then  other  more  conventional  metallurgical  phenomena  will  begin  to  operate.  This  involves 
progressive  crack  development  by  a series  of  strain  hardening  steps,  so  that  strain  age  embrittlement  takes 
place  in  material  immediately  beyond  the  crack  front.  A situation  will  be  reached  where  the  crack  length 
is  critical  to  the  working  stress  load  on  the  component  when  fast  fracture  and  sudden  catastrophic  failure 
will  take  place.  The  rate  of  crack  growth,  and  critical  crack  length  is  a function  of  the  bulk  properties 
of  the  material  but  the  vital  trigger  mechanism  is  frequently  the  tribological  conditions  at  the  surface. 

It  is  thus  hif^ily  desirable  to  be  able  to  identify  the  nature  and  concentration  of  wear  debris  in  terms 
of  its  origin,  and  the  engineering  conditions  giving  rise  to  its  occurrence.  Further,  if  numerical  values 
can  be  given  to  the  phenomena,  then  the  designer  and  operator  of  equipment  has  data  which  can  be  used  with 
resultant  economy  at  the  design  and  development  stage,  and  as  a basis  for  highly  meaningful  health  monitoring 
systems  during  the  operation  of  equipment.  Ultimately,  this  would  lead  to  a "Safe  Life"  of  "Fail  Safe" 
philosophy  of  extreme  importance  to  extremely  costly  and  highly  rated  aircraft  equipment  including  main  and 
auxiliary  power  units,  transmissions,  hydraulics  and  avionic  systems.  Such  information  would  have  a direct 
effect  upon  the  precision  in  specifying  more  cost  effective  scheduled  replacement  of  components,  and  thus 
upon  the  nature  and  frequency  of  maintenance  schedules. 

This  then  sets  the  scene  for  the  next  section  of  this  paper  which  deals  with  the  state  of  present 
knowledge  and  activity  with  wear  debris  characterisation  monitoring  systems  of  a wide  variety  of  tribological 
conditions  involving  many  metallic  bearing  materials  in  oil  lubricated  systems.  However,  ultimate 
calibration  of  wear  by  characterisation  of  debris  matter  can  only  be  achieved  by  fully  integrated  scientific 
and  technical  demonstration  exercises,  rather  than  by  random  statistical  field  experience  and  a model  system 
for  accumulating  logical  and  progressive  data  will  be  postulated  in  the  final  section  of  this  paper. 

3.  STATE  OF  THE  ART 

The  basis  for  the  use  of  wear  debris  analysis  to  provide  diagnosis  and  prognosis  of  surface  wear  has  been 
illustrated  in  Fig  6.  Details  of  current  techniques  and  experience  with  them  will  now  be  outlined. 

3.1  Method  for  Wear  Debris  Analysis 
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A variety  of  methods  can  be  used  to  evaluate  wear  debris  in  lubricating  oil  and  thereby  provide 
information  on  the  condition  of  rubbing  machine  components.  Those  methods  can  be  classified  into  three  types: 

On-line  determinations 

Debris  collection  and  subsequent  inspection 

Lubricant  sampling  and  subsequent  inspection 

The  on-line  determination  with  continuous  read-out  from  a detector  fitted  into  the  system  is  very 
convenient  as  instant,  continuous  information  is  available  without  the  need  for  any  administration  or 
possibility  of  error.  However,  equipment  costs  tend  to  be  fairly  high  with  separate  units  required  at  each 
point  of  interest.  The  main  type  of  commercial  instruments  available  are  based  on  light  scattering  by  the 
particulate  matter.  Vibration  can  cause  problems  and  the  sensors  detect  all  particles  present,  for  instance 
lubricant  degradation  products  as  well  as  the  more  critical  wear  debris,  and  this  can  cause  interpretational 
difficulties.  Another  type  is  a filter  which  signals  the  quantity  of  conducting  debris  collected. 

Alteration  of  filter  mesh  size  can  change  the  size  of  debris  collected,  but  normally  this  is  selected  to 
catch  large  particles  only.  Other  principles  that  have  been  explored  for  use  in  such  devices  are  electrical 

inductance  or  capacitance.  These  are  better  suited  for  the  detection  of  the  larger  particles  and  both  have 

problems  ensuring  adequate  temperature  compensation. 

Debris  collected  by  units  such  as  magnetic  plugs,  filters  or  centrifuges  can  be  subsequently  examined 
to  provide  information  on  the  debris  collected^’  . Considerable  information  is  obtainable  from  this  source, 
however,  the  data  is  not  continuous  but  only  available  after  examination  from  the  removal  device.  Equip- 
ment costs  are  low,  although  units  are  required  at  each  point  of  interest,  and  effective  interpretation 
requires  considerable  experience.  Filters  and  centrifuges  need  to  be  fitted  immediately  downstream  of 
critical  compone-ts  if  evidence  is  not  to  be  lost  by  settling.  A great  deal  of  information  on  the  condition 
of  the  machr'ne  can  be  obtained  by  examination  of  accumulated  debris  as  this  contains  all  the  contaminant 
present,  ie  the  non-ferrous  as  well  as  the  magnetic  material. 

The  most  common  devices  of  the  debris  collection  type  are  magnetic  plugs  or  chip  detectors.  These 
consist  of  a magnet:  j probe  fitted  into  the  oil  flow  to  collect  magnetic  debris  particles.  They  are 
generally  provided  * th  self-sealing  fittings  so  that  the  plug  may  be  withdrawn  for  inspection  without  oil 


loss.  Only  ferrous  material  is  caught  and  detected  but  since  most  of  the  loaded  components  of ^machines 
are  manufactured  of  magnetic  steels,  ie  gears  and  bearings,  this  is  not  much  of  a limitation,  althoug 
debris  from  some  high  quality  stainless  steels  and  paramagnetic  material  may  escape  collection.  TheE® 
equipments  are  cheap  and  easily  inspected  and  can  provide  a great  deal  of  information  on  machine  condition 
to  a"  skilled  operator.  The  collected  debris,  like  that  collected  on  a filter,  is  representative  of  the 
whole  time  since  the  last  inspection  not  some  particular  instance  in  time.  Separate  units  are  required 
at  each  point  of  use  and  each  requires  individual  attention  at  the  selected  operating  periods.  The  mode 
of  installation  has  a major  influence  on  particle  catch  efficiency  but  the  necessary  conditions  have  now 
been  thoroughly  explored.  A variety  of  designs  and  magnetic  plug  and  chip  detector  are  available  from 

■simple  units  where  the  plug  has  to  be  removed  for  operator  inspection  and  interpretation  of  the  collected 
debris  to  sophisticated  indicating  units  with  facilities  for  indication  at  a distance. 


lubricant  sampling  methods  have  the  advantage  that  only  a single  sample  is  required  withdrawn  .rom  a 
convenient  source  whilst  the  machine  is  being  operated,  or  sufficiently  soon  after  it  has  „eer.  shut  own, 

the  debris  particles  have  not  settled  out.  The  analysis  is  generally  test  carried  out  m a central  1 
oratory  with  the  associated  problems  of  sample  transport  and  the  return  of  information  to  the  equipment 
operator  for  decisions  on  whether  or  not  the  machine  should  be  removed  from  service.  Just  as  with  the  debn 
collection  methods  information  is  only  available  at  periods  corresponding  to  the  intervals  between  sampling, 
and  the  reading  obtained  reflects  the  history  since  the  last  complete  oil  change.  An  additional  factor 
that  needs  to  be  allowed  for  is  the  effect  of  top-up  with  new  oil  which  has  the  result  of  reducing  the 
concentrations  of  wear  debris  particles  on  the  lubricating  oil.  The  method  involves  two  separate  steps: 

(1)  taking  a representative  sample  from  the  lubricated 

(2)  analysis  of  this  sample  to  determine  debris  and  contaminant  materials  present 

The  sample  should  preferably  b’  taken  from  the  machine  whilst  it  is  running  or  very  soon  afterwards, 
otherwise  the  particles  present  may  settle  from  suspension  thus  removing  the  evidence.  The  oil  samples 
may  be  obtained  in  a variety  of  ways  but  care  is  needed  to  ensure  that  dead  lines  or  valves  are  thoroughly 
flushed.  If  for  instance  a sample  is  ccllected  from  a drain  an  unrepresentatively  large  quantity  of  debris 
may  be  obtained.  The  subsequent  analysis  may  be  by  chemical  means  to  determine  the  nature  and  concentration 
of  contaminants  in  the  lubricant  or  by  physical  means  to  determine  quantity,  size  and  shape  of  the  contam- 
inants. In  either  case  it  is  usual  for  the  analysis  to  be  carried  out  by  a specialist  in  a laboratory  so 
the  lubricant  sample  suitable  identified  as  to  its  source  has  to  be  transported  to  the  analysis  centre. 

After  the  appropriate  analysis  has  been  completed  results  have  to  be  compared  with  previous  history  before 
useful  assessment  of  the  condition  of  the  particular  machine  is  possible.  The  usual  techniques  employed 
to  determine  chemical  nature  of  wear  debris  involve  spectrometric  analysis  (SOAP)  of  the  oil  sample  either 
by  atomic  absorption  or  atomic  emission  spectroscopy.  These  can  both  determine  most  of  the  metals  likely 
to  be  found  in  used  lubricating  oils  such  as  iron,  copper,  zinc,  cobalt,  chromium,  nickel,  tin,  lead  and 
silver.  Atomic  absorption  uses  relatively  low  cost  equipment  determining  the  concentration  of  one  element 
at  a time  whereas  atomic  emission,  which  involves  expensive  equipment,  can  make  instantaneous  measurements 
for  numerous  elements.  In  both  types  of  instrument  the  oil  sample  plus  debris  is  vapourised,  in  a flame 
or  electric  arc  respectively,  so  that  the  characteristic  spectral  lines  of  the  contaminating  metals  are 
emitted.  In  practice  the  results  produced  tend  to  be  representative  of  the  smaller  particles  present, 
namely  those  up  to  about  8 microns  in  major  dimension.  Physical  methods  which  have  been  used  to  analyse 
used  oil  include  particle  size  spectrum  determination  and  Ferrography  . Particle  size  distribution  analysis 
is  conveniently  carried  out  in  automatic  counters  such  as  HiAc  and  Coulter  instruments  which  provide  a 
size  distribution  in  terms  of  equivalent  spheres.  This  may  give  useful  information  on  wear  occurring 
but  can  be  confused  by  the  presence  of  particulate  matter  from  sources  other  than  the  wear  and  which  is 
also  counted  by  these  instruments.  A measure  of  the  cleanliness  levels  and  particle  size  spectrum  may 
also  be  obtained  by  filtration  of  the  fluid  through  a fine  filter,  typically  a Millipore  Filter,  followed 
by  microscopic  examination.  This  tends  to  be  wearing  on  the  operator  and  somewhat  inaccurate.  Debris  can 
also  be  separated  by  other  techniques  such  as  with  a magnet  or  an  ultracentrifuge.  Such  simple  methods 
may  be  useful  for  a particular  system.  A recent  more  sophisticated  technique  is  Ferrography”’'1 * 3'? 
which  separates  wear  debris  from  the  oil  sample  by  the  action  of  a magnetic  field.  The  Analytical 
Ferrograph  arranges  debris  according  to  size  on  a glass  slide,  permitting  detailed  examination  by  visual  or 
electron  microscopy.  This  technique  shows  considerable  promise  for  research  applications  but  the  equipment 
costs  and  the  time  required  to  examine  a sample  appear  to  rule  out  widespread  field  use.  A second  version 
of  the  equipment,  the  Direct  Reader,  collects  particles  in  plastic  tubes  assessing  the  relative  quantities 
of  'large'  and  'small'  from  optical  density  readings.  The  results  freouently  being  expressed  as  a Severity 
Index  such  as 


I = D, 


Dc 


or 

1 = dl  (dl  - V 

where  D is  fractional  area  covered  by  large  particles  (greater  than  5 microns)  and  Ds  is  the  fractional  area 
coveredriy  small  particles  (1-2  micron  range). 

J.2  Interpretation  of  Wear  Debris  Measurements  for  Machinery  Health  Monitoring 

Wear  debris  concentration  and  type  can  provide  indications  of  wear  and  therefore  of  machinery  condition. 
When  interpreting  the  analysis  results  it  is  important  to  rember  that  the  debris  was  collected  over  a period 
of  machine  operation  and  that  it  does  not  represent  an  instantaneous  effect,  that  any  new  components  fitted 
may  produce  running-in  debris  and  that  contaminants  present  from  the  machine  build,  present  in  the  new 
lubricant  or  introduced  from  the  environment,  may  tend  to  hide  changes  in  the  wear  debris.  It  is  generally 
desirable  to  observe  the  trends  in  wear  debris  generation  for  each  particular  machine  and  appropriate  storage 
jmd  retrieval  of  the  information  is  necessary. 


Different  factors  can  be  used  to  assess  machine  wear  or  failure.  If  machine  elements  produce 
increasing  quantities  of  wear  debris  as  the;  approach  failure  than  the  amount  of  debris  can  be  used  to 
provide  an  indication  of  the  condition.  Trend  plots  are  frequently  employed  to  indicate  the  cumulative 
amount  of  wear  debris  and  any  rate  of  change  of  wear  debris  generation  with  time,  thus  identifying  the  change 
of  wear  severity  or  the  start  of  new  processes  aee  Fig  7. 


The  fact  that  the  size  of  debris  normally  increases  from  running-in  through  normal  operation  to  the 
wear  out  or  failure  situation,  can  also  be  used  to  assess  machinery  condition,  see  Fig  8. 


Detection  of  the  production  of  larger  debris  particles  may  provide  improved  lead  time  to  failure  over 
determination  of  quantity  of  debris.  One-line  systems  based  on  comparison  of  amounts  of  large  and  small 
particles  by  optical  methods  aid  on  the  detection  of  large  particles  in  electrical  conducting  filters  are 
available.  Similar  information  can  also  be  obtained  from  magnetic  plug  inspections  or  Ferrography,  both 
these  latter  of  course  depending  on  selection  of  suitable  sampling  intervals.  Also  dependant  on  oil 
sampling  are  the  automatic  counting  methods  which  can  give  detailed  size  distribution  data  on  particles 
present  in  a liquid.  This  method  is  frequently  used  with  hydraulic  systems  which  can  be  very  sensitive  to 
particulate  matter.  In  the  UK  a Ministry  of  Defence  Standard  ~ has  been  published  giving  contamination 
classes  for  different  types  of  hydraulic  system.  The  standard  was  developed  from  particle  size  distributions 
determined  on  engineering  system  and  thus  the  relative  proportions  in  different  size  ranges  are  consistent 
with  findings  from  practical  systems.  This  avoids  difficulties  in  classification  because  for  instance  the 
large  particles  are  within  the  permitted  numbers  whilst  totals  of  small  particles  are  outside  the  limits. 

Chemical  analysis  of  wear  debris  can  frequently  help  to  pinpoint  the  components  that  are  actually 
wearing.  Very  sensitive  methods  are  needed,  and  the  determination  is  therefore  normally  carried  out  by  a 
suitably  equipped  specialist.  Analysis  may  be  by  spectroscopic  methods  on  oil  samples,  or  by  electron 
probe  analysis  of  the  larger  particles  separated  by  any  suitable  device.  This  approach  is  particularly 
valuable  when  the  element  determined  is  not  the  major  engineering  material  used  in  the  particular  machine, 
such  as  steel  in  a gearbox,  but  i3  a contaminant  such  as  silica  or  a specialist  constituent  such  as  silver 
from  a rolling  bearing  cage  or  indium  from  the  overlay  of  plain  bearings.  Iron  is  of  course,  very  common 
since  at  least  one  of  a rubbing  pair  is  generally  ferrous,  but  sometimes  the  simultaneous  presence  of 
alloying  elements  such  as  chromium,  nickel,  molybdenum,  vanadium,  etc  can  help  to  identify  stainless  steel 
or  alloy  steel  components. 

Physical  methods  of  examining  debris  can  also  be  used  to  obtain  information  about  wear  modes.  Optical 
and  electron  microscopy  of  separated  debris  can  yield  considerable  information  about  the  source  and  mode  of 


machine  surface  deterioration.  Tha  aaaantlal  first  stap  is  for  tha  oparator  to  ra cognise  background 
material  which  has  no  significance  for  failure  prediction,  as  for  instance,  aetallic  debris,  sealing 
compounds,  paint,  fluff  and  other  extraneous  material  left  in  the  machine  on  build  or  overhaul,  or  the  eery 
fine  ferrous  debris  produced  in  normal  wear.  The  recent  development  of  Ferro  g-aphy  has  lead  to  considerable 
study  of  debris  particles  and  their  identification.  The  Wear  Particle  Atlas 1 * produced  under  funding  by  the 
OS  Naval  Air  Systems  Command  "provides  information  for  the  identification  of  various  wear  particle  types, 

.the  description  of  wear  modes  that  generate  these  particles,  and  as  a guide  to  the  prediction  of  machine 
conditions  based  on  the  identified  modes".  This  Atlas  intended  to  be  the  first  of  a group  covering 
identification  of  particles  formed  by  the  motion  of  steel  on  steel  under  loaded  conditions  and  discusses  the 
free  metal  particles  generated.  It  divides  wear  modes  into  5 types: 

1.  Subbing  Wear 

The  normal  usually  benign  wear  of  sliding  surfaces. 

2.  Cutting  Wear 

Abnormal  abrasive  wear  due  to  interpenetration  of  sliding  surfaces. 

5.  Soiling  Fatigue 

The  fatigue  wear  of  rolling  contact  bearings. 

4.  Combined  Soiling  and  Sliding 

The  abnormal  wear  regimes  of  fatigue  and  scuffing  as  associated  with  gears. 

5.  Severe  Sliding  Wear 

Excessive  load  and  high  speed  wear  of  siting  surfaces. 

Rubbing  or  normal  wear  particles  are  generated  in  normal  sliding  wear  in  a machine.  They  typically  are 
platelets  ranging  in  size  from  15  microns  down  to  0.5  microns  in  the  major  dimension,  between  0.15  microns 
to  1 micron  in  thickness  and  have  a smooth  surface.  Abrasive  contaminants  such  as  sand  can  cause  marked 
increase  in  the  production  of  rubbing  wear  particles  and  the  rapid  wear  of  the  system.  Particulate  ana la is 
of  the  lubricant  from  such  a system  will  of  course  reveal  the  contaminant  particles  as  well  as  the  wear 
debris.  Cutting  wear  particles  are  generated  as  a result  of  one  surface  penetrating  another,  much  as  a 
lathe  tool  creates  machining  swarf  but  on  a microscopic  level.  Particles  can  be  relatively  coarse  and  large, 
namely  2-5  microns  wide  by  25  to  100  microns  long  caused  by  a hard  component  penetrating  a softer  one,  or 
fine  wire-like  material  with  a thickness  of  0.25  microns  caused  by  abrasive  particles  embedded  in  a soft 
surface  and  cutting  the  opposing  wear  surface.  Cutting  wear  particles  are  abnormal,  their  presence 
suggesting  either  contaminants,  or  imminent  component  failure.  Rolling  fatigue  particles  are  found  in 
three  types:  fatigue  spall  particles,  spherical  particles  and  laminar  particles.  Fatigue  opall  particles 
are  flat  platelets  with  a major  dimension  to  thickness  ratio  of  approximately  10:1.  They  have  a smooth 
surface  and  a random  irregularly  shaped  circumference.  The  spall  particles  consist  of  the  actual  material 
removed  as  a pit  or  spall  opens  up.  They  range  in  size  from  10  microns  to  10 0 microns.  The  spherical 
particles  have  diameters  ranging  between  one  and  five  microns,  and  are  believed  to  be  generated  in  the  bearing 
fatigue  cracks.  However,  spherical  metallic  particles  can  also  be  present  in  lubricating  oil  as  contam- 
inants. New  lubricating  oil  supplied  by  manufacturers  frequently  contains  s few  metal  spheres  and  metallic 
spheres  can  also  be  formed  by  welding  and  grinding  processes,  so  care  is  needed  to  ensure  that  spheres 
detected  in  a lubricant  do  arise  from  the  wear  process.  faml n»r  particles  are  very  thin  20  to  50  microns 
in  major  dimension  with  a thickness  ratio  of  approximately  50:1  and  frequently  contain  holes. 

The  gear  wear  particles  caused  by  combined  rolling  and  sliding  arise  from  pitch  line  fatigue  and  scoring 
or  scuffing.  Fatigue  particles  from  a gear  pitch  line  are  similar  to  rolling  bearing  fatigue  particles. 

They  generally  have  a smooth  surface  and  are  irregularly  shaped,  the  major  dimension  to  thickness  ratio  is 
between  4:1  and  10:1.  The  particles  produced  by  scuffing  tend  to  have  a rough  surface  and  a jagged 
circumference.  Quantities  of  oxide  are  usually  present  and  particles  may  show  evidence  of  partial 
oxidation. 

Severe  sliding  wear  particles  range  in  size  from  20  microns  upwards.  They  frequently  have  straight 
edges  and  a length  to  thickness  ratio  of  approximately  10:1.  They  may  show  surface  striationa  due  to  sliding, 

3-3  Service  Experience 

There  has  been  considerable  experience  in  the  application  of  wear  debris  analysis  to  the  early  detection 
of  mechanical  distress.  Certain  technologically  advanced  industries  have  built  up  experience  with  particular 
techniques  for  specific  applications  but  the  overall  position  is  somewhat  patchy  with  different  techniques 
being  applied  for  different  operations. 

The  process  industries  have  found  on-line  direct  readers  satisfactory  for  their  purposes  but  this  type 
of  device  has  not  yet  been  proven  or  accepted  for  aircraft  use,  where  the  weight,  space  and  vibration 
requirements  are  more  onerous. 

Debris  monitoring  methods  are  widely  used  through  a variety  of  industries  and  applications,  frequently 
with  relatively  unsophisticated  inspection,  analysis  and  interpretation  procedures.  Table  1 lists  the  main 
methods  in  current  use  in  aircraft  systems.  In  the  aircraft  industry,  many  commercial  airlines  rely  on 
debris  collection  methods  to  assess  the  conditions  of  engines  in  service.  In  military  aircraft  magnetic 
plugs  and  chip  detectors  are  installed  in  virtually  all  helicopter  transmissions  and  engines  and  in  many 
propulsion  and  drive  systems  of  fixed  wing  aircraft.  Although  these  units  are  basically  simple  and  cheap 
they  have  proved  reliable  indicators  of  incipient  failure.  Chip  detectors,  that  is  units  including  a 
remote  warning  signal,  activated  by  debris  particles  closing  the  gap  between  two  electrodes,  have  also  tended 


to  give  a large  number  of  nuisance  indications.  These  'rogue'  signals  have  tended  to  cause  suspicion  or 
disbelief  in  the  indication  thus  reducing  the  value  of  the  device  to  the  operator. 

The  oil  analysis  methods  have  had  the  widest  application  in  the  aircraft  industry  with  spectrometric 
analysis  of  engine  and  transmission  lubricants  and  particle  counting  on  hydraulic  fluids.  Military  users 
have  had  high  success  rates  with  spectroaetric  analysis  particularly  of  engine  lubricants,  by  frequent  oil 
sampling  often  daily,  or  even  between  each  flight  for  engines  under  development,  and  careful  plotting  of 
trends,  allowance  for  oil  top-up  etc.  Commercial  airlines  are  not  unanimous  as  to  the  cost  effectiveness  / 

and  are  concerned  about  the  necessary  administration  with  sample  transport  to  the  analysis  laboratory  and 
return  of  information  to  the  responsible  engineers.  However,  for  many  mechanical  systems  a suitably 
organised  spectroaetric  oil  analysis  programme  can  provide  a highly  effective  indication  of  impending  failure. 

f 

In  sophisticated  hydraulic  systems  the  contamination  has  to  be  maintained  at  a very  low  level  if 
reliability  problems  due  to  blockage  of  oil  ways  and  silting  of  valves  are  to  be  avoided.  The  total  partic- 
ulate content  is  therefore,  of  interest  and  not  only  the  wear  debris  content.  This  data  is  obtained  by 
determination  of  the  numbers  of  particles  preferably  broken  down  to  give  a spectrum  of  the  particle  size 
distribution.  Mutual  counting  methods  are  time  consuming  and  inaccurate  but  good  results  have  been  obtained 
with  automatic  particle  counters.  As  with  spectrometric  methods  the  analysis  is  best  reserved  for  a 
specialist  in  a laboratory  thus  necessitating  transport  of  samples  and  effective  administration. 

The  main  limitations  to  these  methods  arise  from  the  need  for  despatch  of  samples  to  a laboratory  with 
the  resultant  loss  of  immediate  control  by  the  equipment  operator. 

3.4  Performance  of  Different  Techniques 

f ' : 

r A number  of  studies  have  included  assessment  of  wear  debris  from  machinery  experiencing  failures  by 

, different  techniques  thus  permitting  evaluation  of  the  different  monitoring  and  predictive  capabilities. 

J An  interesting  study  carried  out  by  the  Canadian  Defence  Research  Establishment  Pacific  concerned  oil 

! samples  taken  from  a Sea  King  helicopter  gas  turbine  engine  ever  the  course  of  a bearing  failure.  The 

| engine  had  been  on  an  oil  analysis  monitoring  programme  using  spectrometric  analysis  with  an  atomic  absorp- 

tion spectrometer.  The  results  of  this  analysis  had  revealed  an  increasing  wear  trend  which  did  not  appear 
■ alarming,  until  failure  of  the  number  one  bearing  occurred.  The  oil  samples  collected  over  the  critical 

; period  were  then  reexamined  to  determine  the  accuracy  of  the  absorption  spectrometric  analysis  and  to  assess 

; the  potential  for  improvements  that  alternative  procedures  might  provide.  Detailed  examinations  of  the  wear 

, debris  from  the  synthetic  ester  engine  oil,  to  specification  MIL-L-23699,  were  made  by  atomic  absorption 

spectroscopy,  X-ray  fluorescence  analysis,  microfiltration  techniques  and  Ferrography.  The  choice  of  methods 
being  to  provide  a check  on  the  original  atomic  absorption  analysis,  to  see  what  additional  information  might 
be  obtained  from  determination  of  all  the  particulate  metal  present  in  the  oil  and  to  assess  the  promise  of 
| Ferrographic  analysis. 

The  atomic  absorption  spectrometer  substantially  confirmed  the  results  obtained  previously,  with  increases 
; in  iron  and  copper  contents  not  reaching  the  guideline  levels  employed.  Collection  of  virtually  all  the 

, wear  debris  on  a microfilter,  followed  by  X-ray  examination  of  the  deposits  and  atomic  absorption  analysis 

of  the  deposits  dissolved  in  hydrochloric  acid  gave  substantially  higher  metal  figures  over  the  period  of  the 
| failure.  The  Ferrographic  analysis  by  microscopic  examination  of  the  separated  debri3  and  by  the  Direct 

i Header  technique  also  provided  early  indications  of  abnormal  wear.  The  analytical  ferrography  examination 

’ permitting  recognition  of  particle  morphology  consistent  with  fatigue  spalling. 

These  results  imply  that  in  this  particular  case  the  diagnostic  capability  of  spectrometric  oil  analysis 
! was  limited  by  its  ability  to  determine  only  the  small  wear  particles  and  that  the  use  of  supplementary 

I techniques  permitting  consideration  of  the  larger  wear  particles  also  would  provide  improved  diagnostic 

! capability. 

A recent  UK  study  applied  a number  of  condition  monitoring  techniques  to  a helicopter  gear  box  during 
seven  fatigue  substantiation  trials.  The  gear-boxes  were  run  in  a back  to  back  rig  and  oil  samples  with- 
drawn from  a magnetic  plug  fixture  every  five  running  hours  were  split  and  circulated  to  cooperating 
laboratories  for  spectrometric  analysis  using  both  atomic  absorption  and  emission  instruments,  Ferrography 
and  particle  counting  in  addition  to  the  vibration  analysis  and  magnetic  plug  inspections  carried  out  by  the 
trials  operator.  Close  agreement  was  obtained  by  the  two  spectrometric  techniques  for  iron  and  copper  but 
a much  more  sensitive  failure  detection  was  provided  by  the  magnetic  plug  and  by  Ferrography  which  gave  good 
promise  of  predictive  capability.  The  trial  gear  boxes  were  driven  at  approximately  2835  above  normal 
operating  power  for  140  hours  in  the  first  four  trials  and  at  approximately  41%  overload  for  ?0  hours  for 
three  more  with  regular  monitoring  by  the  different  techniques.  On  termination  of  the  trial,  or  when  distress 
was  recognised,  the  box  was  stripped  and  the  various  components  given  an  engineering  appraisal.  On  the 
first  trial  a number  of  failures  occurred  almost  simultaneously  so  it  was  impossible  to  identify  different 
monitoring  technique  signals  with  particular  failures  but  the  later  trials  were  not  confused  in  this  way  and 
shim  gear  and  bearing  damage  occurred.  The  vibration  analysis  and  the  spectrometric  analysis  had  proved 
successful  in  identifying  the  various  examples  of  surface  damage.  Particle  counting  gave  a confused  picture 
sometimes  apparently  dominated  by  the  contaminants  present  in  the  new  oil,  although  Pocock  has  shown  ^ that 
the  particle  counts  from  the  first  trial  can  be  treated  to  yield  iron  figures  agreeing  closely  with  those 
obtained  by  spectrometric  analysis.  Magnetic  plug  and  Ferrography  gave  good  indications  of  the  various 
surface  breakdowns  with  both  giving  indications  of  the  failure  mode  being  experienced.  Magnetic  plugs  was 
successful  at  identifying  shim  wear  with  Ferrography  giving  particularly  early  signals  of  gear  damage, 
perhaps  showing  promise  as  a predictive  tool. 
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A US  Army  survey  over  a two  year  period  on  one  type  of  helicopter  involving  comparison  of  magnetic 
plugs  with  spectrometric  methods  on  both  engines  and  transmission  systems  showed  a high  success  rate  for  i 

both  spectrometric  analysis  and  chip  detectors  with  the  chip  detectors  reliability  comparable  to  the 
spectrometric  analysis  overall  and  considerably  better  for  the  transmission.  S 


3.5  Efficiency  of  Different  Monitoring  Techniques 

Tauber"'**  has  produced  an  illuminating  model  for  the  development  of  the  debris  spectrum  for  a typical 
fatigue  type  failure  (bearing  or  gear  spalling),  Fig  9.  The  diagram  shows  debris  production  rate  plotted 
against  time  and  debris  particle  size.  If  no  failure  occurs  the  amount  and  size  of  debris  particles  will 
not  alter  with  time  and  the  debris  spectrum  will  therefore,  remain  unchanged  along  the  time  axis.  The 
diagram  illustrates  the  position  »6  a failure  develops  and  both  increasing  numbers  and  increasing  sizes  of 
debris  particles  are  produced.  Spectrometric  methods  which  detect  particles  smaller  than  about  10  microns, 
will  reflect  the  increasing  numbers  of  small  particles  only  whilst  magnetic  plugs  permit  preferential 
identification  of  the  relatively  large  particles,  typically  100  to  300  microns. 


Soap 

Ferrotjraphy 


Magnetic  plug 
and  chip 
detector 

Fig  9 Wear  Debris  Particle  Spectrum 

Thus  where  failures  occur  by  different  mechanisms,  and  the  relative  quantities  and  particle  size  ranges 
of  the  wear  debris  differ,  the  responses  of  the  two  condition  monitoring  techniques  would  be  expected  to 
differ  also.  Failure  mechanisms  producing  predominantly  small  particles  will  be  most  effectively  monitored 
by  spectrometric  methods  whilst  if  the  mechanism  generate  particles  in  to  100-300  micron  range  then  the 
magnetic  plug  will  be  the  most  effective. 

15 

Pocock  reasons  that  wear  debris  type  condition  monitoring  sensors  need  to  be  matched  to  the  particular 
wear  mode  because  the  various  sensors/techniques  are  each  sensitive  to  only  a range  of  debris  particle  sizes. 

A wear  mode  generating  particles  in  the  size  range  100-300  microns  will,  therefore,  not  be  detected  by  a 
technique  which  is  only  sensitive  to  particles  smaller  than  say  15  microns.  And  that  it  is  often  desirable 
to  use  more  than  one  sensor  to  successfully  monitor  a particular  piece  of  machinery.  He  illustrates  the 
problem  with  Fig  10  which  shows  the  efficiency/particle  size  relationship  for  three  sensors.  The  established 
techniques  of  spectroscopic  oil  analysis  and  magnetic  plugs  have  optimum  efficiencies  for  debris  particles 
of  up  to  15  microns  and  between  100-300  microns  respectively.  Thus  whilst  they  complement  each  other  there 
is  a particle  size  range,  between  approximately  15  and  100  microns  to  which  both  are  insensitive.  Ferrography 
fits  into  this  gap  and  although  it  is  relatively  new  technique  has  already  shown  some  success  and  offers 
promise  for  the  future. 


Fig  10  Sensor  Efficiency  - Particle  Size  Relationship 


4 HIGHLIGHTS  FROM  CURRENT  RESEARCH 


It  will  be  appreciated  from  the  above  that  the  ability  to  predict  failures  of  machine  components  is 
uneven  between  different  industries  and  between  different  types  of  machine.  Fortunately  research  workers 
in  several  countries  are  contributing  to  improving  understanding  of  the  relationships  between  wear, 
surface  failure  and  machine  life,  and  to  developing  existing  and  new  techniques.  This  section  of  the 
paper  presents  an  overview  of  the  current  research.  A summary  of  those  condition  monitoring  techniques 
most  likely  to  be  of  value  in  aircraft  applications  is  included  as  the  second  part  of  Table  1 . 

4.1  Wear  Debris  and  Surfaces 

The  US  Naval  Air  Engineering  Centre  has  made  a major  study  of  the  correlation  between  particle 
characteristics  and  component  surface  wear  ® with  the  aim  of  providing  a firm  technical  basis  for  the 
use  of  debris  analysis  for  machinery  condition  monitoring.  The  programme  involved  two  phases;  a 
laboratory  phase  and  a systems  application  phase.  The  laboratory  phase  consisted  of  bench  testing  of 
selected  oil  lubricated  components  and  the  systems  application  phase  involved  the  verification  of  the 
laboratory  findings  by  application  to  service  or  field  conditions. 

Bench  testing  was  carried  out  for  gears,  sliding  contacts,  tapered  roller  bearings  and  ball  bearings. 
Weai*  particle  characteristics  have  been  defined  with  respect  to,  quantity,  size,  elemental  composition, 
morphology.  It  was  concluded  that  severe  wear  can  be  effectively  detected  by  monitoring  wear  particle 
quantity  and  size  distribution.  Particle  quantity,  as  well  as  the  ratio  of  large  to  small  particles, 
normally  increases  substantially  during  an  abnormal  wear  situation.  Further  information  can  frequently 
be  obtained  by  elemental  analysis  of  the  debris  which  can  be  directly  related  to  component  material. 

Wear  particle  morphology  (ie  shape,  size,  colour)  can  also  give  information  on  wearing  components  and 
the  relevant  wear  mode. 

A separate  US  Navy  review  of  literature  and  experience  of  both  military  arid  civilian  personnel  with 
spectrometric  methods  used  for  machinery  health  monitoring^  concluded  that  they  were  effective  in 
determining  the  amount  and  composition  of  contaminants  present  as  particles  smaller  than  8 microns  in  jet 
engine  lubricating  oils.  The  identification  of  the  composition  of  these  particles,  as  for  instance  iron, 
copper,  lead,  etc,  was  of  assistance  in  finding  the  failing  component.  Spectrometric  analysis  could  give 
a good  correlation  with  normal  wear  which  provides  a gradual  build  up  of  small  particles,  but  a number  of 
other  wear  mechanisms  produce  large  particles  prior  to  failure,  and  spectrometric  analysis,  because  it  is 
limited  to  the  determination  of  particles  smaller  than  8 microns,  cannot  detect  these  larger  wear  particles, 
and  is  therefore  less  effective  at  predicting  these  types  of  failures.  A number  of  other  techniques  were 
appraised  for  ability  to  supplement  the  spectrograph  by  analysis  of  the  larger  particles.  A variety  of 
devices  were  considered,  including  magnetic  chips,  oil  filter  analysis,  in-line  X-ray  techniques,  in-line 
light  attenuation,  atomic  fluorescence,  colorimetric  methods  ahd  ferrography.  It  was  concluded  that 
ferrography  was  the  only  practical  method  available  for  supplementing  spectrometric  analysis.  The  major 
attraction  of  ferrography  being  its  capability  to  recognise  larger  particles  and  to  determine  particle 
shape . 
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In  a more  fundamental  study,  Winer  et  al  analysed  wear  debris  generated  in  a sliding  elastohydro- 
dynamic  contact  using  ferrography.  The  contact  was  a steel  ball  rotating  against  a sapphire  flat.  Balls 
of  three  different  finishes,  smooth,  medium  rough  and  rough,  were  employed  and  experimental  conditions 
included  a range  of  loads  at  constant  sliding  speed  and  test  duration  at  room  temperature.  Oil  film 
thickness  was  determined  optically  for  the  smooth  balls  and  the  values  used  for  the  medium  rough  and 
rough  series  where  surface  roughness  prevented  optical  measurement  of  film  thickness.  A single  naphthenic 
mineral  oil  was  used  for  all  tests  in  a once  through  system  to  avoid  particle  contamination.  It  was 
found  that:  the  total  amount  of  wear  debris  correlated  well  with  the  ratio  of  film  thickness  to  composite 
surface  roughness  ( A ratio);  a transition  from  low  to  high  wear  rate  occurred  as  the  ratio  fell  to 
about  1;  wear  particles  were  metallic  and  almost  exclusively  of  the  normal  rubbing  wear  type;  the 
Ferrograph  was  more  sensitive  in  detecting  the  wear  debris  than  the  emission  spectrograph. 
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In  a discussion  of  results  from  a helicopter  gearbox  trial  Pocock  and  Jones  point  out  that  instances 
of  gear  damage  gave  rise  to  small  (about  10  microns)  fatigue  platelets  in  the  oil,  which  were  recognised 
by  ferrography  some  time  before  large  (about  300  microns)  fatigue  particles  were  detected  on  the  magnetic 
plug.  This  appears  consistent  with  ideas  from  Godet,  Berthe  et  al^’^  that  micropitting  can  lead  to 
more  severe  forms  of  wear.  These  authors  suggest  that  discrete  asperity  contacts  occurring  when  the  ratio 
of  surface  roughness  to  film  thickness  ( A ratio)  is  less  than  unity,  can  produce  micropits  about  10-20 
microns  deep  and  as  these  become  more  extensive  they  join  up  to  form  large  damage  areas,  still  of  the  same 
depth,  and  subsequently  lead  to  gross  wear  and  spalling  with  deep  pits  typically  100  microns  deep.  Further 
investigation  of  the  relationships  between  debris  size  and  type  of  surface  damage  formed  under  these 
conditions  should  be  rewarding. 

4.2  Debris  Studies  in  Specific  Systems 
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Fodor  has  used  gamma-ray  spectrometry  of  wear  debris  to  monitor  the  behaviour  of  internal  combustion 
engines.  It  was  possible  from  the  debris  analysis  to  determine  the  amounts  of  wear  in  normal  engine 
operation,  seizure  in  a faulty  engine,  the  depletion  of  oil  additives  and  the  contamination  level  in  the 
system. 
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Hofman  and  Johnson  used  ferrographic  techniques  in  a laboratory  study  of  wear  of  a Cummins  VT-903 
diesel  engine.  The  Ferrographic  Severity  Index  I detected  slight  changes  in  wear  rate  due  to  change  of 
operating  condition.  Application  of  heated  Ferrogram  analysis  (HFA)  identified  the  parts  suffering  wear. 

The  HFA  (heating  the  Ferrogram  for  90  seconds  at  330°C) turns  low  carbon  and  alloy  steels  blue,  cast  iron 
brown  and  does  not  affect  the  lead  from  the  bearings.  This  technique  permitted  identification  of  debris 
particles  from  the  test  engine  as  originating  from  the  cylinder  liner/piston  ring  or  crankshaft /main  bearing 
areas,  the  quantities  of  each  present  on  the  Ferrogram  providing  information  on  changes  in  wear  rates  of 
engine  components  with  alteration  of  engine  operating  conditions. 
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Jones  et  al  have  also  determined  wear  in  a diesel  engine  using  ferrographic  techniques.  The 
running-in  process  for  a Perkins  Research  V8  540  engine  was  studied  showing  that  high  initial  wear  fell 
to  a low  equilibrium  rate  after  only  10  hours  of  running.  The  rubbing  wear  particles  produced  during  the 
early  running-in  stage  were  large,  typically  20  x 20  microns,  and  were  not  detected  by  apectrometric 
analysis. 

25 

A programme  of  trend  analysis  of  gas  turbine  engines  by  ferrography  has  been  reported  by  Scott  et  al  . 
Oil  samples,  as  for  spectrographic  oil  analysis,  obtained  from  gas  turbine  engines  of  one  type  both  from 
service  and  on  teat  beds  were  subjected  to  DR  Ferrograph  analysis.  A number  of  methods  of  plotting  the 
results  to  indicate  trends  were  tried.  These  included  severity  of  wear  index,  - Djj  , the  total  wear 

D^  ♦ Dg  and  severity  of  wear  D^  - Ds  against  time.  An  interesting  way  of  presenting  the  data  was 
recommended.  This  involves  plotting  cumulative  total  wear  and  severity  of  wear  totals  on  the  same  graph. 
Data  for  satisfactory  engines  gave  two  curves  well  separated  and  each  increasing  steadily.  Engines 
when  abnormal  wear  was  occurring  gave  curves  which  tended  to  converge  or  even  to  cross.  Case  histories 
on  a number  of  gas  turbine  engines  are  included  and  it  is  noted  that  in  some  instances  trend  analysis  of 
wear  of  lubricated  components  reflected  failure  of  components  in  the  gas  stream. 

Fitch  at  the  Fluid  Power  Research  Centre,  Oklahoma  State  University  has  conducted  tests  over  a 
number  of  years  into  contaminant-induced  wear.  Initially  the  measure  of  damage  caused  by  particle  con- 
tamination was  performance  degradation  only.  Recent  work^®  has  also  employed  the  Ferrograph  in  contaminent 
wear  tests  on  several  components  used  in  hydraulic  systems  and  on  basic  hydraulic  mechanisms. 

4.3  Equipment  and  Techniques 

It  has  been  suggested,  of  the  false  indications  from  chip  detectors  approximately  6C$  are  due  to 
wear-fuzz,  25jS  to  electric  failure,  5#  each  to  moisture  in  the  lubricating  oil  system  and  contamination 
and  unknown  causes.  Wear  fuzz  occurs  in  systems  with  fairly  coarse  filtration  as  ferrous  particles 
slowly  accumulate  in  the  oil  and  are  deposited  on  the  chip  detector.  Eventually  as  the  quantity  of  fine 
debris  particles  builds  up  a conductive  path  is  formed  across  the  gap  between  the  two  electrodes  thus 
activating  the  chip  detector.  The  Technical  Development  Company'4  now  market  a new  type  of  chip  detector 
which  deals  with  the  wear  fuzz  problem  by  passing  a strong  current  pulse  through  the  gap  every  time  there 
is  electrical  continuity.  This  causes  local  melting  of  the  small  particles  that  make  up  the  wear  fuzz, 
whereas  larger  particles  conduct  the  pulse  unharmed  so  continuity  remains.  The  unit  may  be  arranged  for 
automatic  current  pulse  discharge  every  time  continuity  occurs  with  the  chip  light  not  activated  unless 
the  debris  survives  unchanged.  This  results  in  a system  free  from  the  wear  fuzz  type  indication. 
Alternatively  the  current  pulse  can  be  initiated  manually,  when  prognostic  information  about  a failure 
can  be  obtained  if  the  chip  light  comes  on  again  after  a short  time  thus  indicating  the  continuing 
generation  of  fine  debris  particles,  perhaps  from  a damaged  bearing  or  gear.  Although  some  American 
helicopters  are  using  these  pulsed  chip  detectors  in  their  transmission  systems  opinion  in  the  UK  is 
that  they  could  possibly  represent  a hazard.  They  have  so  far,  therefore,  not  been  adopted  for  use  in 
British  aircraft. 

A new  approach  being  explored  at  the  Fulmer  Research  Institute  under  UK  Ministry  of  Defence  funding 
assesses  the  abrasion  of  a sensitive  resistor  by  the  particulate  matter  present  in  the  lubricating  oil. 

The  device  depends  on  measurement  of  the  change  in  resistance  of  a suitable  resistor  as  the  lubricating 
oil,  containing  contaminating  debris, is  pumped  over  it.  The  response  is  related  to  relative  hardness 
of  debris  and  resistor.  laboratory  tests  have  demonstrated  the  principle  using  alumina  particles  and 
work  is  proceeding  to  optimise  conoitiona  and  to  ensuring  that  adequate  life  can  be  obtained  with 
sufficient  sensitivity  to  determine  changes  in  wear  mode. 

The  new  technique  of  Ferrography  has  been  widely  welcomed  for  its  ability  to  provide  additional 
insight  of  the  wear  mechanism  over  that  available  from  the  more  conventional  techniques  of  spectrometric 
analysis,  magnetic  plugs  etc.  However,  it  does  suffer  from  certain  limitations,  including  the  require- 
ment for  a skilled  operator,  and  the  fact  that  results  are  not  immediately  available.  The  US  Navy 
initiated  a programme  some  years  ago  to  remedy  these  shortcomings  by  the  development  of  an  automatic 
version  of  the  Ferrograph  that  could  give  flight  deck  information.  This  led  to  the  production  of  the 
Real  Time  (HT)  Ferrograph*^ ’ . The  RT  Ferrograph  circulates  the  test  lubricant  from  a reservoir  through 

a glass  tube  within  which  wear  particles  are  precipitated  magnetically  according  to  particle  size. 

Readings  dependent  on  the  amount  of  light  transmitted  are  taken  at  both  the  small  and  large  particle  ends 
of  the  tube  with  automatic  compensation  for  the  oil  colour.  The  overall  sampling  system  recycles 
automatically  when  all  the  oil  in  the  reservoir  has  drained  out;  the  electromagnet  is  shut  off,  the 
precipitation  tube  cleaned  out  and  the  reservoir  recharged  automatically.  Comparison  of  the  RT  Ferrograph 
with  an  on-line  X-ray  Wear  Metal  Monitor,  spectrometric  analysis,  analytical  ferrography  and  a light 
scattering/attenuation  device  were  made  on  laboratory  disc  scoring  and  rolling  element  bearing  fatigue 
teats  to  simulate  gear  and  bearing  damage.  Teste  were  run  on  one  lubricant,  a MII^D-23699  jet  engine 
turbine  oil,  with  filtration  at  various  levels  from  zero  to  10  micron,  nominal  filtration.  The  various 
oil  monitors  clearly  signalled  surface  failures  at  the  coarser  levels  of  filtration  and  as  the  level 
of  filtration  became  finer  the  ability  of  all  lessened.  The  light  scattering/attenuation  instrument  and 
spectrometric  analysis  were  effective  over  the  widest  filtration  range.  The  RT  Ferrograph  was  ineffective 
below  the  40  micron  filtration  level.  There  were  indications  that  the  sensitivity  could  perhaps  be 
affected  by  the  volume  of  oil  flow  and  it  was  recommended  that  further  development  be  undertaken  with 
emphasis  on  incorporating  features  which  allowed  for  a variable  oil  volume  sampling  rate. 
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Considerable  effort  has  recently  been  expended  on  extending  the  applications  of  Ferrography ° ' ™ 
with  the  recognition  of  friction  polymers  of  several  types  from  different  formulatiuna  of  aircraft  engine 
lubricants,  lubricant  filter  selection,  biological  fluid  and  jet  engine  gas  stream  analysis  being  some  of 
the  new  areas  described.  It  is  likely  that  cross  fertilisation  from  these  areas  will  benefi’  the  studies 
in  the  lubricating  oil  system  field. 
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Another  way  In  which  the  ferrographic  technique  is  being  extended  ia  by  the  use  of  temper  colours 
as  a means  of  extracting  further  information  from  a ferrogram.  Barwell  et  al30  have  demonstrated  that 
a simple  heat  treatment  of  ferrograos  on  a laboratory  hotplate  can  provide  a useful  means  of  identifying 
the  different  materials  present.  The  magnetic  particles  based  on  iron  or  nickel  alloys  generate  temper 
colours  which  can  be  used  to  divide  them  into  four  types  - carbon  steels,  cast  iron,  nickel  and  stainless 
steel.  The  majority  of  non-magnetic  engineering  alloys  such  as  aluminium,  magnesium,  chromium,  cadmium 
and  silver  do  not  form  colours  under  the  recommended  procedure.  The  copper  based  alloys  may  form  temper 
colours  but  can,  of  course,  be  readily  identified  by  their  yellow  bronze  colours  prior  to  the  heat 
treatment.  The  recommended  procedure  is  to  heat  the  ferrogram  for  90  seconds  on  a laboratory  hotplate 
and  photograph  the  large  particles  in  the  entry  zone  on  cooling.  A four-stage  process  is  described, 
first  the  ferrogram  is  heated  to  330°C,  the  carbon  steels  then  turn  blue  and  the  cast  irons  a straw 
or  bronze  colour,  with  no  change  to  the  nickel  or  the  stainless  steel.  A second  heating  step  at  400°C 
results  in  the  carbon  steels  becoming  light  grey,  the  cast  irons  deep  bronze  with  some  mottled  blueing, 
no  change  to  the  nickel  and  possibly  slight  yellowing  of  stainless  steel.  A further  heating  step  at  480°C 
leaves  the  carbon  steel  and  cast  iron  grey,  the  nickel  turns  bronze  coloured  with  some  blueing  whilst 
the  stainless  steel  turns  straw  to  bronze  coloured.  A final  heating  to  5bO°C  leaves  the  carbon  steel 
and  cast  iron  grey,  the  nickel  blue  and  the  stainless  steel  still  straw  to  bronze  coloured  with  some 
mottled  blueing.  The  grouping  of  the  debris  particles  that  this  provides  will  normally  permit  identifi- 
cation of  the  particular  components  in  machinery  that  are  being  worn  and  thus  provide  an  insight  into 
the  wear  processes  occurring. 

The  technique  of  ferrography  is  also  being  developed  by  applying  quantitative  analysis  to  ferrograms. 
Hoylance  et  al"  have  described  a technique  developed  for  analysing  the  wear  debris  collected  on  a 
ferrogram  using  a Quantimet.  The  ferrograph  can  be  scanned  over  its  whole  area  using  reflection  and 
transmission  light  sources  and  the  variations  in  light  density  and  contrast  used  to  distinguish  different 
particle  types.  The  ferregram  can  also  be  analysed  in  terms  of  dimensional  parameters.  The  extensive 
range  of  contrast  settings  in  the  Quantimet  permit  particles  of  different  materials  to  be  distinguished 
thus  permitting  a breakdown  of  the  total  numbers  of  debris  particles  into  say  free  metals,  oxides,  and 
polymeric  materials.  Dse  of  this  facility  together  with  the  temper  colours  produced  by  heating  the 
ferrogram  slides  has  permitted  a numerical  assessment  of  the  amounts  of  steel  and  cast  iron  to  be  made  in 
a case  study  of  the  running-in  of  a diesel  engine.  In  a later  paper-^  the  application  of  the  Quantimet 
to  ferrograms  prepared  from  oil  samples  collected  from  a helicopter  gear  box  during  fatigue  trials  is 
described.  The  Quantimet  assessed  the  ferrograms  in  terms  of  particle  size  distribution  as  well  as  the 
concentration  and  shape  of  particles.  The  size  distribution  plots  were  of  interest.  The  particles  in 
the  < 1 , 1-2  and  2-5  micron  ranges  all  showed  a slow  reduction  in  the  number  of  particles  from  start 
up  to  20  running  hours  with  run-in.  A gear-box  inspection  then  revealed  breakdown  of  several  teeth  on 
the  port  pinion.  On  reassembly  after  partial  rebuild  of  the  gearbox  a peak  in  the  number  of  particles 
occurred  due  to  further  running  in.  However,  the  plot  of  variance  appeared  of  greater  promise  as  a 
machinery  health  monitoring  aid,  definite  peaks  seen  at  the  20  and  45  running  hour  periods  appearing  to 
correlate  wej.1  with  the  gear  damage  found  on  strips  at  20  and  70  hours.  These  preliminary  findings 
certainly  justify  continuation  of  the  research  into  the  quantitative  analysis  of  ferrograms. 
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In  a related  approach  Pocock  * has  shown  that  the  complicated  particle  size  distributions 
obtained  during  a helicopter  gearbox  trial  can  be  described  by  the  distribution  function 

P(d)  = exp  - [ b/(d-d* )]n 

where  P(d)  is  the  probability  of  a particle  being  smaller  than  d,  d^  is  a lower  particle  size  limit , 
and  b and  n are  independent  parameters  adjusted  to  fit  the  experimental  results.  The  parameter  ,b* 
shows  promise  as  an  indication  of  wear  since  at  constant  'n'  It  reflects  a change  of  relative  numbers 
of  large  particles.  In  particular  examples  given  *b'  showed  excellent  agreement  with  the  measured  iron 
content,  and  the  severity  of  wear  index  from  DR  Ferrography. 

5.  A RESEARCH  PROGRAMME  TO  UNDERPIN  EQUIPMENT  DEVELOPMENT 

The  value  of  wear  debris  analysis  as  a powerful  means  for  controlling  ownership  costs  of  aircraft  and 
their  sub-systems  is  indisputable.  Realisation  of  the  potential  of  this  analysis,  can,  however,  only  be 
accomplished  if  the  results  are  fully  meaningful  to  the  design,  specification  and  maintenance  authorities. 

The  present,  somewhat  diffuse,  situation  must  therefore  be  improved  and  this  could  best  be  achieved  by 
establishing  suitable  demonstrator  programmes  in  which  the  scientific,  technical  and  managerial  aspects  are 
fully  integrated  and  expressed.  The  following  describes  such  an  ideal  programme  which  is  based  upon  the 
study  of  a highly  rated  gearing  involving  a programme  of  integrated  metallurgical,  metrological,  lubricant 
and  design  factors. 

The  heart  of  such  a prograaane  relies  on  the  ability  to  reproduce  surface  degradation  modes  identical  to 
those  that  will  be  important  in  the  service  application.  Decisions  as  to  which  modes  will  be  critical  have 
in  practice  to  be  derived  from  past  experience.  On  this  assumption  and  once  such  a capability  to  reproduce 
the  critical  modes  has  been  established,  it  would  be  possible  to  evaluate  a span  of  controlled  metallurgical 
and  tribological  variables,  to  explore  causes  of  failure  and  from  thence  to  establish  more  effective  design 
and  specification.  Such  facilities  would  also  provide  an  ideal  background  for  studying  the  basic  scientific 
phenomena  involved,  for  calibration  of  existing  health  monitoring  techniques,  and  provide  a facility  on  which 
to  evolve  new  sensor  possibilities. 

Such  a Critical  Failure  Demonstration  Programme  is  shown  as  Stage  II  in  Fig  11  and  in  more  detail  in 
Fig  12.  Each  particular  test  unit  would  need  to  be  arranged  to  reproduce  as  simply  as  possible  a selected 
critical  bearing  surface  failure  mode  yet  be  fully  representative  of  practical  design  operating  under 
realistic  rates  of  surface  sliding  and  rolling  over  a range  of  loads  and  speeds.  Other  variables  which 
would  need  to  be  investigated  include  a range  of  steel  compositions,  surface  hardening  techniques,  lubricants, 
additives,  surface  finishes  and  temperatures.  The  cause  of  degradation  would  require  to  be  followed  by 
all  available  techniques  including  careful  engineering  inspection  involving  periodic  stripping  with  visual 
and  detailed  surface  topographical  examination  and  assessment,  but  also  more  systematically  by  continual 
vibration  and  stress  wave  analysis  and  by  frequent  observation  of  the  chemical,  physical  and  metallurgical 
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nature  of  debris  accumulating  in  the  lubricating  fluid.  It  would  also  be  essential  to  employ  all 
available  monitoring  methods  simultaneously  since  each  reflects  a somewhat  different  aspect  of  the  surface 
condition.  Ultimately  it  may  be  possible  to  rely  on  continuous  mechanical  monitoring  methods  such  as 
vibration  analysis  but  under  the  present  state  of  knowledge,  debris  monitoring  methods  have  a great  deal  to 
contribute  and  show  considerable  prognosis  capability. 

The  parallel  but  interdependent  activities  of  developing  new  materials,  surface  treatments,  lubricants 
etc  and  improved  sensor  development  are  seen  as  separate  but  linked  activities  in  Fig  11.  The  principal 
objective  of  the  interdisciplinary  programme  is  to  achieve  a capability  for  a less  random  gear  development 
programme,  by  an  improved  wear  monitoring  capability  leading  to  a greater  reliability  and  reduced  owner- 
ship costs.  Another  aspect  that  would  need  to  be  studied  in  such  a demonstrator  programme  would  be  optimum 
materials  for  emergency  dry  operation  in  the  event  of  temporary  loss  of  lubricant. 

Separate  demonstrator  exercises  would  be  required  for  the  principal  tribological  systems,  in  particular 
for  gears,  high  speed  ball  and  roller  bearings  and  plain  journal  bearings  in  which  controlled  variables  would 
have  to  be  selectively  imposed  in  order  to  vector  onto  appropriate  critical  surface  wear  or  failure  modes, 
some  of  which  are  outlined  in  Fig  13. 

Means  for  ensuring  the  efficient  use  and  deployment  of  information  arising  from  wear  debris  character- 
isation is  essential,  necessitating  mandatory  and  sympathetic  management  arrangements  along  the  technology 
transfer  route.  Tribological  systems  usually  involve  a span  of  differing  engineering  activities  and 
responsibilities,  sometimes  involving  long  time  scales,  distances  and  varying  logistical  arrangements.  Hence 
a special  management  system  is  required  fo  the  introduction  of  health  monitoring  systems  and  for  the  feed- 
back of  meaningful  data  to  needful  points  along  the  technology  transfer  route  and  its  reactive  interfaces. 

One  possible  scheme  for  achieving  this  is  shown  in  Fig  14  whereby  the  responsibility  for,  and  the  point  of 
intrpduction  of,  wear  health  sensors  has  to  take  into  account  the  whole  spectrum  of  responsibility  under  an 
overall  management  control.  For  example.  Item  6 involves  the  introduction  of  a research  motivated  component 
wear  health  monitoring  systems  at  the  development  stage  or  in  fully  operating  equipment,  with  the  nature  of 
the  exercise  and  the  resulting  information  being  meaningful  and  utilised  simultaneously  by  Design,  Production 
and  Maintenance  authorities.  While  such  a scheme  may  be  idealistic  and  achievable  only  in  part,  it 
represents  the  optimum  use  and  effect  of  wear  debris  analysis. 

6  CONCLUSIONS 

Pecause  of  the  complexity  of  tribological  factors  surrounding  load  bearing  surfaces  in  engineering 
systems,  future  improvements  will  continue  to  be  empirical  and  follow  iterative  processes  using  retrospective 
experience  on  which  to  base  improvements.  However,  it  is  believed  that  vigorous  exploitation  of  the 
potentialities  of  wear  debris  analysis,  togetner  with  other  condition  monitoring  techniques,  will  in  future 
assist  in  producing  a more  scientific  approach  to  this  important  engineering  technology.  Significant 
benefits  should  result  in  improved  design  codes,  reduced  development  costs  and  lower  maintenance  effort  with 
improved  availability.  It  is  therefore  concluded  that  research  into  all  aspects  of  wear  debris  analysis 
should  be  prosecuted  vigorously  in  order  that  the  realisable  benefits  and  improved  understanding  of  failure 
mechanism  should  be  gained  at  the  earliest  opportunity. 
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TABLE  1 


A REVIEW  OF  CURRENT  AND  PROJECTED  WEAR  DEBRIG 
MONITORING  TECHNIQUES  FOR  AIRCRAFT  SYSTEMS 


CURRENT  TECHNIQUES 


Method 

Scope 

Limitations 

Remarks 

Filter  end 
Centrifuge  Debris 
Collection. 

All  particulate 
satter  available 

1.  Not  continuous  reading. 

2.  Interpretation  requires 
experience. 

3.  Administration  required. 

Widely  used  by  commercial 
airlines. 

Keg  Plugs  end 

Chip  Detectors 

Coarse  particles 

1.  Not  continuous  reading. 

2.  No  response  to  non- 
magnetic debris. 

1.  Widely  used  in  aircraft 
systems  by  both  Military  and 
civil  operators. 

2.  Good  detection  of  scuffing 
type  failures. 

Spectrooetric 
Methods  (SOAP) 

Small  particles 

1.  Not  continuous  reading. 

2.  Expensive  equipment  and 
specialist  snalysta  required. 

3.  Administration  necessary. 

1.  Widely  used  for  monitoring 
all  types  of  aircraft  systems. 

2.  Good  detection  and 
prediction  of  failures  by 
normal  rubbing  mechanism. 

Autoaatic 

Particle 

Counters 

All  particulate 

Batter  determined 

1.  Not  continuous  reading. 

2.  Expensive  equipment 
and  speolaliat  *•  »’.ysta 
required. 

3.  Administration  necessary. 

4.  Findings  can  be  confused 
by  extrsneous  matter. 

Frequently  used  with  hydraulic 
systems. 

PROJECTED  TECHNIQUES 

Improved  Chip 
Detectors 

Coarse  Magnetic 
Particles 

1.  Not  continuous  reading. 

2.  No  detection  of  non- 
magnetic debris. 

Reduced  number  of  rogue 
readings. 

Quantitative 

Ferrogrephy 

Quick  numerical 
rating  of  machine 
condition 

1.  Not  continuous  reading. 

2.  Little  indication  of 
failure  mode. 

Perhaps  will  prove  a useful 
maintenance  tool. 

Autoaetic 

Ferrogrephy 

Not  operator 
dependent 

Equipment  expensive. 

Posaibility  that  aophisticated 
data  handling  can  give  good 
predictions  of  different 
failure  mechanisms. 

Real  Time 
Ferrogrephy 

Automatic  reading 
Flight  Deck  Monitor 

Equipment  expensive. 

Further  development  required. 

Improved 

Analytical 

Ferrogrephy 

Capability  of 
determining  source 
of  debris  and 
mode  of  failure 

1.  Not  continuous  reading. 

2.  Dependent  on  expensive 
equipment  and  specialist 
operator. 

Promise  of  predictive 
capability  for  several  modes 
of  failure  including 
fatigue  mechanism. 

Sensitive 

Resistor 

Determination  of 
abrasiveness  of 
particulate  matter 

Not  selective  for  wear 
debris  only. 

Very  early  in  development 
process. 

Vibration  and 
Acoustic  Beisslon 

Automatic  survey  of 
the  effect  of  changes 
in  bearing  surface 
condition  on  system 
behaviour. 

Segregation  of  critical 
signals  for  complex 
background  noise. 

Ultimate  system  borne  complete 
health  sensing  capability 
equating  surface  condition, 
wear  debris  shedding  and 
failure  with  noise  and 
vibration  analysis. 

HIGH  RESOLUTION  ULTRASONIC  NONDESTRUCTIVE  TESTING 
OF  COMPLEX  GEOMETRY  COMPONENTS 


T.  J.  Moran 

Air  Force  Materials  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio,  USA 

ABSTRACT 

Research  in  ultrasonic  nondestructive  inspection  methods  in  the  USA  has  undergone 
a major  change  in  philosophy  in  the  last  four  years.  Previous  emphasis  had  been  on  the 
detection  of  flaws,  while  present  work  concentrates  on  the  characterization  of  the  flaw 
and  the  material  state.  The  background  of  events  leading  to  this  change  will  be  discus- 
sed. Along  with  the  change  in  direction  of  research,  developments  efforts  have  concen- 
trated on  improving  the  reliability  of  the  detection  of  defects.  Major  programs  have 
been  directed  toward  the  goal  of  a completely  automated  ultrasonic  inspection  system 
which  would  effectively  remove  the  human  factor.  Several  systems  which  have  been  de- 
signed for  the  inspection  of  complex  shapes  will  be  described. 

Work  being  done  for  the  Air  Force  Materials  Laboratory  and  the  Defense  Advanced  Re- 
search Projects  Agency  by  Rockwell  International  Science  Center  and  its  subcontractors 
aimed  toward  the  development  of  a quantitative  capability  will  be  described.  This  pro- 
gram nas  taken  the  lead  in  developing  the  basic  theoretical  models  and  experimental 
techniques  which  would  be  necessary.  Early  work  concentrated  on  developing  approximate 
scattering  models  for  simple  flaw  shapes  such  as  spheres  and  ellipsoids  at  long  wave- 
lengths. The  success  of  these  efforts  led  to  the  current  direction  of  the  program  which 
is  to  go  from  a knowledge  of  the  scattered  ultrasonic  field  to  a description  of  the 
source  (the  inverse  problem) . Several  inverse  techniques  have  been  developed  which  show 
promise.  In  addition  to  the  work  in  the  long  wavelength  limit,  studies  have  been  made 
of  imaging  techniques  which  can  be  used  to  give  a direct  picture  of  the  flaw.  Theoreti- 
cal studies  of  diffraction  effects  have  been  made  to  allow  processing  of  signals  from  an 
imaging  system  to  remove  spurious  signals  and  produce  an  image  which  accurately  reflects 
the  shape  of  the  target.  The  intermediate  frequency  range  where  the  flaw  dimensions  be- 
come comparable  to  the  acoustic  wavelength  is  a problem  both  theoretically  and  experimen- 
tally. An  attempt  has  been  made  to  circumvent  this  by  training  computer  based  adaptive 
learning  or  pattern  recognition  networks  on  the  approximate  scattering  theories.  To  date, 
the  results  have  been  excellent  when  data  from  ellipsoidal  voids  were  input  to  the  net- 
works. In  most  cases  void  orientation  and  dimensions  were  measured  with  accuracy  on  the 
order  of  10%. 

The  promising  results  in  the  development  of  quantitative  nondestructive  inspection 
techniques  for  metals  have  led  to  a more  recent  effort  to  extend  this  work  to  ce'  amic 
materials  which  are  currently  under  consideration  for  small  gas  turbine  applications. 

The  predicted  small  size  of  critical  flaws  in  materials  such  as  SigN4  required  the  de- 
velopment of  a high  frequency  (100-500  MHz)  ultrasonic  testing  capability.  Due  to  the 
short  wavelengths  involved,  the  water  coupling  medium  had  to  be  eliminated  in  favor  of  a 
pressure  contract.  Complex  shape  parts  are  inspected  using  buffer  materials  machined  to 
mate  with  the  part  under  test.  Current  results  of  this  program  will  be  discussed. 

I.  Introduction 

Ultrasonic  nondestructive  testing  has  undergone  a major  change  in  emphasis  at  the 
research  level  in  the  United  States  in  the  last  few  years.  Prior  to  this  change,  the  , 
goal  of  most  research  and  development  programs  had  been  to  improve  the  sensitivity  and  re-* 
liability  of  ultrasonic  inspection  instruments  and  techniques.  Present  efforts  are  more'*  - 
concerned  with  extracting  quantitative  information  from  the  inspection  data  as  well  as 
insuring  that  no  flaws  above  a critical  size  are  missed  than  they  are  with  finding  small- 
er flaws.  This  shift  in  emphasis  is  a result  of  the  change  from  the  zero  defects  philoso- 
phy of  design  and  manufacturing  to  one  which  assumes  the  presence  of  flaws  from  the  time 
of  manufacture  and  designs  the  structure  to  tolerate  those  flaws.  This  new  philosophy 
puts  a tremendous  burden  on  the  nondestructive  testing  research  community.  Each  improve- 
ment in  capability  can  now  be  translated  into  more  efficient  design  with  attendant  im- 
provements in  performance  and  economics.  Unfortunately  the  converse  is  also  true.  If 
the  inspection  technique  proves  incapable  of  finding  and  identifying  defects  at  the  level 
desired  by  the  designer,  the  structure  must  be  strengthened  with  the  price  being  a degra- 
dation in  performance  and  an  increase  in  cost. 

This  paper  will  attempt  to  cover  the  area  of  ultrasonic  testing  (UT)  as  applied  to 
engine  components,  however,  most  of  the  techniques  which  will  be  discussed  are  of  a gen- 
eral character  and  are  applicable  to  structural  components  as  well,  where  the  same  design 
constraints  have  been  imposed  and  similar  inspection  requirements  prevail.  Improvements 
currently  being  made  in  standard  UT  methods  applicable  to  engines  in  terms  of  the  goals 
of  the  efforts  and  limitations  will  be  discussed.  In  addition,  I plan  to  outline  the 
goals  and  results  of  a program  being  jointly  managed  by  the  Air  Force  Materials  Lab- 
oratory (AFML)  and  the  Defense  Advance  Research  Projects  Agency  (DARPA)  which  has  the 
Rockwell  International  Science  Center  as  the  prime  contractor,  entitled  the  Interdisci- 
plinary Program  for  Quantitative  NDE  (Contract  F33615-74-C-5180) . The  program  began  in 
1974  and  has  taken  the  lead  in  changing  nondestructive  testing  (NDT)  to  nondestructive 
evaluation  (NDE) , the  difference  being  that  in  addition  to  finding  the  flaw,  the  nature 
and  severity  of  the  flaw  must  also  be  established.  While  this  goal  has  not  yet  been  at- 
tained, a great  deal  of  progress  has  been  made  and  some  quantitative  techniques  have  been 


developed.  The  impact  of  this  program  on  future  engine  designs  and  inspection  procedures 
will  be  noted  and  a proposed  program  which  depends  very  strongly  on  the  development  of 
quantitative  NDE  will  be  described.  This  future  effort  is  aimed  at  increasing  the  ser- 
vice life  of  engine  components  by  combining  results  from  NDE,  fracture  mechanics  and 
structural  analysis.  It  is  hoped  that  components  may  be  kept  in  service  even  if  a flaw 
has  been  detected  provided  that  it  can  be  shown  that  the  flaw  will  not  grow  to  critical 
size  before  a selected  number  of  inspection  intervals.  As  the  techniques  improve,  the 
safety  margin  can  be  reduced  with  attendant  savings  in  cost. 

A final  topic  to  be  covered  will  be  inspection  of  advanced  materials,  such  as  cera- 
mics, which  have  been  proposed  for  used  in  aircraft  engines.  At  the  present  time  these 
materials  are  not  in  use  due  to  a lack  of  ability  to  ensure  that  they  are  sufficiently 
defect  free  to  survive  a desired  length  of  time  in  service.  The  small  critical  flaw  size 
in  these  materials  has  required  the  development  of  a UT  capability  in  a frequency  range 
over  an  order  of  magnitude  greater  than  used  with  current  techniques. 

In  the  final  summary,  I will  try  to  put  into  perspective  the  role  of  ultrasonics  in 
engine  component  inspection  and  discuss  its  advantages  and  disadvantages  as  compared  to 
other  current  and  proposed  techniques. 

II.  Current  Ultrasonic  Testing  Capabilities 

In  discussing  ultrasonic  inspection  of  engine  components,  we  first  must  identify 
which  part  of  the  component's  life  we  are  referring  to,  manufacture  or  service,  due  to 
the  differing  requirements  at  each  stage.  Presently  in  the  U.S.  Air  Force  there  is  vir- 
tually no  ultrasonic  testing  of  in-service  components  being  done.  This  is  due  to  the 
fact  that  at  the  present  time  most  in-service  failures  arise  from  surface  connected 
cracks  and  fluorescent  penetrant  or  eddy  current  inspections  are  considerably  more  effec- 
tive at  detecting  these  defects.  At  the  manufacturing  stage,  ultrasonic  testing  is  used 
to  detect  internal  defects.  For  parts  which  have  complex  finished  shapes,  the  inspection 
is  performed  before  final  machining  when  the  part  has  a sonic  shape  to  avoid  the  blind 
spots  which  occur  in  the  finished  part  due  to  refraction  effects. 

In  the  future,  parts  will  be  manufactured  closer  to  the  final  shape  to  conserve 
materials  and  reduce  machining  costs.  This  near  net  shape  manufacturing  philosophy  leads 
to  an  increase  in  the  complexity  of  the  inspection  process.  It  is  no  longer  satisfactory 
to  perform  an  ordinary  c-scan  where  the  transducer  is  scanned  over  a grid  corresponding 
to  the  dimensions  of  the  part  with  no  alteration  in  transducer  orientation.  New  inspec- 
tion systems  have  been  developed  by  u.S.  engine  manufacturers  which  incorporate  computer 
control  of  the  scan  pattern  [l].  These  systems  require  a detailed  specification  of  the 
part  geometry  which  is  stored  in  the  computer  and  used  to  determine  the  optimum  scan 
pattern. 

In  conjunction  with  the  development  of  these  systems  there  was  also  work  done  to  im- 
prove the  basic  ultrasonic  inspection  equipment.  With  the  advent  of  near  net  shapes, 
near  surface  imperfections  assumed  a greater  importance.  In  the  past,  even  rather  large 
defects  could  be  machined  off  since  there  wa3  a large  excess  of  material  in  the  sonic 
shape,  albeit  there  was  some  danger  of  tool  damage.  In  the  near  net  shape  component,  the 
amount  of  material  to  be  removed  in  final  manufacture  is  rather  small,  thus  there  is  a 
narrowing  of  the  tolerance  variations  allowable  in  the  ultrasonic  transducers  and  system 
response.  To  find  near  surface  defects,  the  transducer  must  be  sufficiently  broadband 
that  there  is  little  ringing  after  the  first  l*j  cycles  and  receiver  must  have  sufficient 
dynamic  range  to  be  able  to  display  the  front  surface  reflection  and  a very  small  defect 
signal  occurring  very  close  to  it  in  time.  While  significant  progress  has  already  been 
made  in  this  area,  there  are  presently  no  commercial  instruments  available  with  state  of 
the  art  capabilities.  This  i3  probably  due  to  the  limited  market  and  corresponding  limit- 
ed development  resources  of  the  manufacturers.  To  correct  this,  the  Air  Force  Materials 
Laboratory,  through  its  Manufacturing  Technology  Division,  has  undertaken  the  development 
of  the  next  generation  of  ultrasonic  instrumentation.  While  aimed  at  Air  Force  needs, 
this  new  instrumentation  should  significantly  improve  the  capability  of  ultrasonics  to 
address  engine  inspection  problems. 

III.  Future  Directions 

In  1974  the  Air  Force  Materials  Laboratory  (AFML)  and  the  Defense  Advanced  Research 
Projects  Agency  (DARPA)  recognized  that  the  science  base  in  the  area  of  nondestructive 
evaluation  (NDE)  was  woefully  inadequate  to  provide  the  tachnology  needed  for  future 
needs.  AFML  and  DARPA  jointly  funded  a program  with  the  Rockwell  International  Corpora- 
tion Science  Center  division  to  develop  a science  base.  During  the  four  years  of  the 
ARP A/ AFML  program's  existence,  significant  progress  has  been  made  [2],  Beyond  the  tech- 
nical advances,  the  assembly  of  a multidisciplinary  research  group  from  the  university 
and  industrial  communities  devoted  to  the  development  of  the  NDE  science  base  has  been 
a major  achievement.  This  is  in  contrast  to  the  research  along  disciplinary  lines  which 
was  the  norm  prior  to  the  inception  of  this  program. 

From  its  inception,  the  primary  goal  of  this  program  has  oeen  the  development  of  a 
true  quantitative  ultrasonic  NDE  capability.  To  illustrate  the  importance  of  this  effort, 

I would  like  to  take  a detailed  look  at  a potential  application  area  where  a quantitative 
NDE  capability  is  essential  to  the  success  of  the  proposed  program.  The  effort  is  referred 
to  as  Retirement  for  Cause.  It's  primary  goal  is  to  extend  the  service  life  of  engine 
components,  such  as  disks,  which  are  now  retired  after  a fixed  number  of  fatigue  cycles, 
independent  of  any  detection  of  a rejectable  flaw,  at  a point  where  the  probability  of 


failure  is  0.02%.  This  number  of  fatigue  cycles  is  derived  from  design  life  calculations 
which  assume  the  largest  flaw  likely  to  go  undetected  is  actually  present  in  the  part. 
Figure  1 shows  how  the  service  life  of  the  part  can  be  extended  if  reliable,  quantitative 
NDE  is  available.  If  all  detectable  cracks  have  length  less  than  Ao  at  each  inspection, 
the  part  can  be  returned  to  service  with  confidence  that  the  remaining  life  should  be  at 
least  equal  to  the  original  design  life.  As  techniques  improve,  it  may  even  be  possible 
at  some  point  to  put  parts  back  into  service  with  cracks  just  slightly  smaller  than  A* 
with  the  confidence  that  these  cracks  will  not  reach  the  critical  size,  Ac  before  the 
next  inspection. 


Figure  1.  Crack  growth  - NDE  relationship  for 
Retirement  for  Cause  program. 


The  simple  relationship  between  the  crack  surface  length  and  the  component  lifetime 
implied  by  Figure  1 is  valid  only  for  those  cases  where  the  aspect  ratio  (a/2c  “ crack 
depth/surface  length)  is  a constant.  In  the  real  world  of  the  alloys  found  in  engines, 
the  aspect  ratio  is  a variable  which  must  be  taken  into  account.  This  is  illustrated  in 
Figure  2 where  the  crack  growth  as  a function  of  number  of  flights  is  plotted  for  bolt 
hole  cracks  in  the  third  stage  turbine  disk  in  the  TF-33  engine.  From  this  figure  one 
immediately  comes  to  the  conclusion  that  crack  depth  must  be  accurately  measured  as  well 
as  surface  length. 


Figure  2.  Crack  growth  as  a function  of  aspect 

ratio  for  3rd  stage  turbine  disk  in  the 
TF-33  engine. 


At  first  glance  it  might  appear  that  we  have  identified  all  the  parameters  which  } 

must  be  measured  by  our  quantitative  NDE  techniques;  however  this  is  not  the  case.  } 

Figures  1 and  2 are  idealizations  in  the  sense  that  they  are  valid  for  elliptical  cracks. 

While  real  cracks  may  be  elliptical,  in  many  cases  they  have  rather  ragged  boundaries. 

This  is  especially  true  in  coarse  grained  materials  where  relatively  large  cracks  can 

form  as  a result  of  the  link-up  of  many  small  ones.  As  our  NDE  techniques  improve,  it  is 

anticipated  that  through  an  iterative  procedure  with  developments  in  fracture  mechanics 

the  essential  details  of  crack  geometry  needed  for  remaining  life  calculations  may  be  j 

identified  and  the  needed  techniques  developed.  | 

Now  let  us  take  a look  at  how  NDE  fits  into  the  overall  Retirement  for  Cause  stragegy. 

This  illustrated  in  Figure  3 whre  the  current  and  proposed  maintenance  flow  charts  are 
shown.  As  was  mentioned  before,  the  present  system  retires  the  disk  after  one  design  life 

even  if  no  flaws  are  detected  in  the  part.  It  has  been  estimated  that  at  least  8St  of  the 

disks  in  one  of  our  newest  engines  could  go  for  more  than  10  design  lifetimes  wifnout  fail- 
ure. For  the  retirement  for  cause  program  to  succeed,  the  required  NDE  and  analytical 
techniques  which  are  necessary  to  separate  this  long  life  85%  from  the  15%  which  would 
fail  earlier  must  be  developed. 


DISK  RETIREMENT  FOR  CAUSE  STRATEGY 
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Figure  3.  ’ 

In  the  proposed  program,  NDE  comes  into  the  disk  evaluation  process  in  two  very  im- 
portant places.  The  first  is  the  initial  evaluation  of  the  disk  at  one  design  lifetime. 

Here,  the  disk  is  examined  for  the  presence  of  cracks.  If  no  flaws  (cracks,  changes  in 
microstructure,  etc.)  are  found,  it  may  be  put  back  into  service  for  an  additional  life- 
time. I should  mention  at  this  point  that  it  may  be  necessary  to  also  inspect  for  non- 
discrete defects  such  as  abnormal  residual  stresses  in  the  part,  which  may  also  cause  I 

premature  failure.  Unfortunately,  present  residual  stress  measurement  techniques  are 
extremely  poor  except  for  near  surface  stress  measurements.  A great  deal  of  progress 
would  be  necessary  in  this  area  before  we  could  say  we  had  an  acceptable  method  for 
measuring  bulk  stresses. 

In  the  case  where  a crack  is  found,  accept/reject  criteria  for  the  part  must  be  de- 
veloped. For  cracks  above  a certain  size,  the  disk  will  have  to  be  rejected,  for  very 
small  cracks  it  could  be  put  back  into  service  with  no  attempt  at  repair.  In  the  inter- 
mediate range,  if  the  techniques  are  sufficiently  developed,  the  part  could  be  repaired 

or  rejuvenated.  After  this  stage  NDE  must  again  be  used  to  determine  if  the  rejuvenation  j , 

has  been  successful  and  no  additional  damage  has  been  introduced.  | j 

Now  that  we  have  established  the  need  for  a quantitative  capability,  let  us  look  at  j ! 

how  far  we  have  gotten  toward  che  achievement  of  the  goal.  The  major  thrust  of  the  DARPA/  ] j 

AFML  program  at  the  start  wa3  the  quantitative  measurement  of  the  size  and  orientation  of  1 

bulk  flaws.  Since  the  range  of  flaw  sizes  encountered  in  practice  is  rather  large,  differ-  I 

ent  approaches  were  selected  for  flaws  with  dimensions  greater  than  the  wavelength  of  the  j • 

ultrasonic  signal  than  were  used  for  flaws  with  smaller  dimensions  (long  wavelength  regime) . ; ! 

In  the  high  frequency,  short  wavelength  regime,  the  approach  was  to  image  the  flaw  using  a j j 

transducer  array  and  digital  signal  processing  techniques.  An  instrument  is  currently  in  j ! 

the  prototype  development  stage  which  should  provide  an  opportunity  to  test  this  concept  i 1 

on  practical  part  geometries.  Laboratory  results  indicate  that  there  is  a high  probability  j t 

of  success  in  this  area.  ] j 


1 


Due  to  the  difficulty  of  theoretically  calculating  scattered  fields  from  real  defects, 
it  was  decided  to  begin  in  the  low  frequency,  long  wavelength  regime  with  simple  shapes  such 


exactly  and  the  approximate  theories  should  be  extendable  to  more  general  (crack-like) 
shapes.  The  Born  approximation  and  integral  equation  techniques  were  used  to  calculate  the 
scattered  acoustic  fields  from  the  simple  shapes.  The  theoretical  results  were  experi- 
mentally verified  using  titanium  samples  which  had  spherical  and  ellipsoidal  voids  diffu- 
sion bonded  into  the  center  of  the  sample.  The  next  step  was  to  perfect  inversion  tech- 
niques (procedures  by  which  the  flaw  size,  shape  and  orientation  are  inferred  from  the 
scattered  ultrasonic  fields) . This  phase  of  the  program  has  reached  the  completion  stage 
and  the  dimensions  of  the  model  flaws  can  be  measured  with  good  accuracy.  Current  efforts 
involve  the  extension  of  the  models  to  more  crack-like  defects  as  well  as  an  investigation 
from  the  point  of  view  of  fracture  mechanics  as  to  the  amount  of  detailed  information  re- 
quired to  assess  the  effect  of  a defect  on  component  performance  and  service  life. 

In  addition  to  the  investigations  at  the  high  and  low  frequency  limits,  a special  ap- 
proach was  needed  for  the  intermediate  regime  where  the  flaw  dimensions  become  comparable 
to  the  acoustic  wavelength.  Here  the  scattering  theories  are  not  valid  and  imaging  also 
does  not  work.  An  empirical  signal  processing  approach  was  used  to  extract  those  para- 
meters from  acoustic  waves  reflected  from  defects  which  were  related  to  the  defect  size. 
Learning  networks  which  adaptively  sort  these  parameters  were  trained  on  data  generated 
both  theoretically  and  experimentally.  Spectral  and  amplitude  information  from  waves 
scattered  at  several  angles  was  required  to  size  the  defect.  Results  on  the  simple  shapes 
indicate  that  most  dimensions  can  be  measured  with  an  accuracy  of  30%  or  better,  depending 
on  flaw  orientation.  When  the  theoretical  results  for  irregular  shapes  become  available, 
an  attempt  will  be  made  to  extend  the  validity  of  the  results  into  the  intermediate  wave- 
length regime  using  the  learning  networks  as  well  as  estimation  theories  which  are  presen- 
tly being  evaluated. 

While  most  of  the  emphasis  in  the  program  has  been  on  bulk  flaws,  many  of  the  defects 
which  can  lead  to  failure  are  surface  or  near  surface  flaws.  An  effort  was  begun  in  the 
last  year  to  extend  the  procedures  developed  for  the  ultrasonic  measurement  of  bulk  flaws 
to  the  surface  case.  Techniques  ranging  from  measurement  of  the  scattered  fields  at  various 
angles  in  analogy  to  the  bulk  flaw  case  to  a simple  attempt  to  separate  signals  in  time  from 
extreme  dimensions  of  the  flaw  are  being  evaluated. 

It  is  presently  too  early  to  know  if  the  apparently  promising  results  will  prove  prac- 
tical for  real  inspection  problems.  There  should  be  a definitive  answer  by  the  spring  of 
1980,  however.  A program  was  begun  in  June  1978  to  attempt  the  reduction  to  practice  of 
the  various  quantitative  ultrasonic  techniques  developed  in  the  DARPA/AFML  program.  A test 
bed  is  being  constructed  which  will  include  a contour  following  scanning  capability  as  well 
as  the  signal  processing  capabilities  needed  for  flaw  measurement.  Upon  completion  of  the 
system,  it  will  be  tested  on  several  problems  of  practical  interest.  One  of  these  will  be 
an  inspection  of  the  bolt  holes  in  a TF-33  third  stage  turbine  disk  which  has  been  shown  to 
have  a severe  cracking  problem  in  these  holes.  This  should  prove  to  be  a severe  test  of  our 
capabilities,  since  this  is  one  of  the  more  difficult  geometries  to  inspect  ultrasonically . 

In  addition  to  the  research  directed  at  providing  techniques  to  quantitatively  measure 
flaws,  an  effort  has  been  underway  to  detect,  size  and  identify  defects  in  silicon  nitride, 
a ceramic  material  which  would  allow  gas  turbines  to  be  operated  at  higher  temperatures  and 
perform  more  efficiently.  At  the  present  time  this  material's  low  fracture  toughness  has 
prevented  its  use  in  the  hot  sections  of  practical  gas  turbine  engines.  Inspection  diffi- 
culties arise  from  the  small  critical  flaw  size  (on  the  order  of  200  microns) . This  re- 
quires the  use  of  ultrasonic  frequencies  in  the  range  of  hundreds  of  megahertz  to  ensure  a 
high  probability  of  detection.  There  is  also  a requirement  that  the  nature  of  the  defect 
be  identifiable  since  it  was  found  that  tungsten  carbide  inclusions  do  not  affect  the 
strength  while  the  lighter  inclusions  degrade  the  material  considerably. 

To  provide  the  high  frequency  transducers  needed,  a special  indium  bonding  technique 
was  developed  to  couple  lithium  niobate  transducers  to  a silicon  nitride  buffer  rod.  Since 
operation  is  in  the  200-300  HMz  range,  normal  liquid  coupling  techniques  would  produce 
unacceptably  large  losses.  Thus,  a direct  pressure  contact  between  the  rounded  ended  of 
the  buffer  rod  and  the  specimen  to  be  inspected  was  tried  and  appears  to  be  suitable  for 
most  cases.  It  remains  to  be  shown  that  this  contact  method  will  be  equally  effective  under 
the  various  surface  roughness  and  curvature  conditions  encountered  in  service  components. 

One  additional  question  to  be  answered  is  can  an  inspection  be  done  in  a cost  effective 
manner  when  a pressure  contact  is  used.  Apart  from  these  concerns,  these  new  transducers 
have  been  shown  to  be  more  reproducible  than  typical  low  frequency  devices  and  quite  effi- 
cient. The  second  need  for  identification  of  flaw  type  was  satisfied  when  it  was  recognized 
that  the  nondeleterious  tungsten  carbide  inclusion  had  a greater  acoustic  impedance  than 
the  host,  while  the  strength  affecting  inclusions  had  a lower  impedance.  Thus,  the  rela- 
tive phase  of  the  reflection  from  the  front  surface  of  the  defect  is  sufficient  information 
for  the  sorting.  Sizing  is  done  using  the  same  techniques  developed  for  lower  frequencies. 


It  has  been  shown  that  ultrasonic  inspection  of  engine  components  is  presently  a 
little  used  tool  due  to  the  cost  of  it3  use  and  the  effectiveness  of  other  techniques  such 
as  eddy  current  and  penetrants.  Research  programs  currently  under  way  aimed  at  developing 
a quantitative  capability  show  promise  to  change  this  situation  if  the  quantitative  infor- 
mation can  be  used  by  those  i..  fracture  mechanics  to  produce  a service  life  prediction 
capability.  If  such  a development  occurs  and  the  quantitative  techniques  are  implemented 


in  a coat  ettectiva  way,  tnen  ultrasonics  win  Decone  a vary  important  inapactxon  tool 
in  tha  future  for  both  manufacturing  and  field  uaa. 
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SUMMARY 

The  present  paper  will  describe  and  discuss  the  various  non-destructive  techniques 
which  have  been  used  or  which  are  potentially  useful  for  detection  of  fatigue  deunage  in 
aircraft  components.  Included  among  the  non-destructive  techniques  which  will  be  con- 
sidered are  radiography,  penetrant  inspection,  eddy  current,  ultrasonics,  acoustic 
emission,  magnetic  particle  and  Barkhausen  noise  analysis,  and  more  exotic  techniques  such 
as  exoelectron  emission,  positron  annihilation,  and  other  atomic,  nuclear,  or  solid  state 
physics  reactions. 

It  will  be  shown  that  the  present  state-of-the-art  is  such  that  some  non-destructive 
testing  methods  can  detect  fatigue  damage  at  a very  early  stage  of  the  fatigue  life  only 
with  sophisticated  equipment  in  a carefully  controlled  research  laboratory  environment, 
while  others  can  be  successfully  used  under  field  or  even  in-service  conditions.  Sugges- 
tions will  be  made  as  to  how  some  techniques  currently  used  only  in  the  laboratory  can  be 
transferred  to  actual  practice.  Consideration  will  be  given  to  non-destructive  methods 
for  early  detection  of  fatigue  damage  in  aircraft  components  in  general,  including 
methods  which  are  suitable  for  inspection  of  propulsion  systems. 

INTRODUCTION 

Since  aircraft  of  current  design  are  complex,  expensive  structures  and  this  trend 
will  undoubtedly  continue  in  the  future,  there  is  an  ever  increasing  demand  to  assure 
longer  safe  service  life  of  components  prior  to  maintenance  disassembly,  inspection,  and 
replacement.  Unnecessary  time  spent  on  the  ground  is  uneconomical  from  a commercial  view- 
point and  can  be  disasterous  from  a military  viewpoint.  Therefore,  it  is  extremely 
important  that  present  non-destructive  testing  methods  be  optimized  and  new  techniques 
be  developed  to  permit  both  in-service  inspection  and  rapid  out-of-service  inspection  of 
aircraft  components. 

Fatigue  damage  resulting  in  microcrack  and  subsequent  macrocrack  formation  constitutes 
one  of  the  primary  mechanisms  for  loss  of  structural  integrity  leading  to  failure  of  air- 
craft components.  It  has  been  well  documented  for  all  types  of  fracture  that  nucleation 
of  cracks  in  metals  occurs  as  a result  of  inhomogeneous  plastic  deformation  in  microscopic 
regions.  This  inhomogeneous  plastic  deformation  can  be  in  the  form  of  twinning,  slip 
bands,  deformation  bands,  or  localized  concentrations  at  grain  boundaries,  precipitates, 
dispersed  particles,  and  inclusions.  Moreover,  the  mechanisms  responsible  for  these 
regions  of  inhomogeneous  plastic  deformation  are  all  based  on  dislocation  interactions. 

In  particular,  dislocation  interactions  with  point  defects,  with  other  v -slocations , with 
stacking  faults,  with  grain  boundaries,  and  with  volume  defects  are  known  to  create 
regions  of  severe  localized  plastic  deformation,  which  develop  into  microcracks,  and 
these,  in  turn,  either  coalesce  or  grow  into  macrocracks  leading  to  ultimate  fracture. 

The  ideal  non-destructive  testing  technique  would  permit  very  early  detection  of 
fatigue  damage  so  that  proper  assessment  of  the  severity  and  rate  of  severity  increase  of 
the  structural  damage  leading  to  failure  can  be  made.  Thus  the  most  sensitive  systems 
would  be  capable  of  detecting  motion  and  pile-up  of  dislocations;  the  next  most  sensitive 
systems  would  be  capable  of  detecting  microcracks;  the  least  sensitive  systems  would  be 
only  capable  of  detecting  macrocracks.  It  is  practically  expedient  to  have  non-destructive 
testing  techniques  which  can  successfully  detect  fatigue  damage  in  each  of  these  regimes 
since  some  components  can  tolerate  larger  regions  of  fatigue  damage  or  larger  crack  sizes 
than  others  without  serious  concern  for  the  structural  integrity  of  the  component. 

CRACK  DETECTION  SURVEY 

Historically,  non-destructive  testing  techniques  have  primarily  been  exploited  to 
detect  the  existence  of  cracks  in  structural  materials.  Of  prime  concern  in  this  regard 
is  the  size  of  the  smallest  flaw  which  can  be  detected  by  each  of  the  non-destructive 
testing  methods.  In  1974,  Rummel  et  al. (1)  conducted  a comprehensive  statistical  analy- 
sis of  the  detectability  of  artificially  induced  fatigue  cracks  in  aluminum  alloy  test 
specimens.  They  evaluated  118  test  specimens  containing  a total  of  328  fatigue  cracks. 

The  cracks  ranged  in  length  from  0.018  to  1.27  cm  and  in  depth  from  0.003  to  0.451  cm. 

The  test  specimens  were  evaluated  in  the  "as-milled"  surface  condition,  in  the  "etched" 
surface  condition,  and  after  proof  loading,  in  a randomized  inspection  sequence.  The 
non-destructive  test  methods  used  were  x-radiographic,  penetrant,  eddy  current,  and 
ultrasonic.  The  984  non-destructive  observations  taken  using  each  method  served  as  a 
sample  base  for  establishment  of  high  confidence  levels.  A probability  of  95%  at  a 95% 
confidence  level  was  selected  for  processing  all  combined  data,  and  analysis  was  based 
on  these  conditions. 

Figure  1 (upper  row)  shows  the  results  of  their  statistical  analysis  for  the 
x-radiographic  inspection  method  where  crack  detection  probability  is  plotted  as  a 
function  of  actual  crack  length.  Figure  1 (lower  row)  shows  the  results  they  obtained 
for  the  x-radiographic  inspection  method  where  crack  detection  probability  is  plotted 


as  a function  of  actual  crack  depth.  The  condition  of  the  teat  specimens  ia  indica- 
ted on  each  figure.  Figures  2,  3,  and  4 show  similar  plots  of  their  results  obtained 
using  the  penetrant,  eddy  current,  and  ultrasonic  inspection  methods,  respectively. 

Runnel  et  al.(l)  pointed  out  that  the  beneficial  effects  of  etching  and  proof 
loading  on  crack  detection  are  evident  in  the  respective  data  plots.  They  attributed 
the  benefits  of  etching  to  both  the  removal  of  flowed  material  from  the  crack  opening 
and  to  the  selective  attack  of  the  cracks  at  the  crack  edge.  They  attributed  the 
beneficial  effects  of  proof  loading  to  a larger  crack  opening  and  to  plastic  flow  of 
siaterial  around  the  crack.  An  analysis  of  the  data  based  on  material  thickness  and 
surface  finish  variations  did  not  reveal  any  large  effects.  Based  on  the  results 
plotted  in  Pigs.  1 through  4,  it  was  concluded  that  x-radiography  is  the  least  reliable 
of  the  four  test  methods  for  detection  of  tight  cracks  and  should  not  be  considered  as 
a sensitive,  reliable  method  for  detection  of  tight  cracks.  On  the  other  hand,  the 
ultrasonic  method  was  shown  to  be  the  most  reliable  for  crack  detection  as  well  as  to 
be  the  most  accurate  in  measuring  crack  dimensions. 

RADIOGRAPHY 

With  regard  to  the  relative  insensitivity  of  the  radiographic  technique  to  crack 
detection,  it  is  interesting  to  note  that  an  Advisory  Circular (2)  published  by  the 
U.S.  Federal  Aviation  Administration  in  1973  states  that  the  sensitivity  of  radiographic 
inspection  to  a small  crack  is  not  as  good  as  ultrasonics  or  eddy  current  methods. 
Nevertheless,  radiographic  techniques  are  still  currently  used  for  non-destructive 
inspection  of  various  aircraft  components  including  engines.  Thus,  Bunce(3)  stated 
that  "The  general  structure  of  an  airframe  or  the  internal  assemblies  of  an  engine  are 
usually  obvious  applications  of  radiography  and  rarely  lend  themselves  to  either  an 
ultrasonic  or  eddy  current  inspection."  However,  the  same  year  Ruescher(4)  studied  the 
effect  of  variations  in  radiographic  parameters  on  crack  detection  by  x-ray  and  con- 
cluded that  x-ray  film  readers  were  not  able  to  detect  all  of  the  crack  indications 
shown  by  penetrant  inspection.  On  the  other  hand,  he  pointed  out  this  detection 
limitation  applies  to  cracks  and  similar  tight  defects  only,  while  spherical  discon- 
tinuities, such  as  porosity  and  inclusions,  are  more  easily  detected. 

In  1974,  Pullen(5)  reported  on  high  energy  radiography  which  permits  measurement  of 
seal  clearances  between  rotating  and  static  components  and  the  position  and  shape  of 
various  static  components  in  a full  range  of  static  and  dynamic  engine  conditions. 
Clarkson, (6)  in  1975,  pointed  out  that  the  use  of  radiographic  techniques  to  inspect 
or  monitor  defects  in  inaccessible  areas  of  airframes  is  a recurring  requirement.  He 
cited  examples  where  radiographic  inspection  had  proven  valuable  for  non-destructive 
detection  of  stress  corrosion  cracking  in  spar  booms,  stringer  sections,  skin  panels, 
welded  tubular  structures,  and  wing  fuel  tanks. 

The  same  year,  Halmshaw  and  Hunt (7)  published  a paper  in  which  they  discussed  the 
limitations  and  the  capabilities  of  radiography  for  detecting  cracks.  They  showed  that 
the  ability  to  detect  a crack  with  x-rays  and  gamma-rays  depends  principally  on  the 
crack  opening  and  on  the  angle  of  the  crack  to  the  radiation  berm.  The  size  of  the 
crack  (crack  depth)  and  the  radiographic  technique  used  are  also  important  factors. 

They  warned  that  it  is  completely  misleading  to  specify  sizes  or  length  of  detectable 
cracks  without  specifying  the  crack  opening  width  and  the  angulation.  They  regarded 
cracks  with  openings  less  than  0.013  nzn  (0.0005  in)  as  unlikely  to  be  detected  under 
any  circumstances  except  in  very  thin  specimens,  while  cracks  with  openings  of  the 
order  of  0.025  mm  (0.001  in)  can  be  detected  at  up  to  10"  inclination  to  the  x-ray 
beam  depending  on  their  size  (depth)  and  the  technique  used.  They  further  pointed 
out  that  the  radiographic  situation  is  completely  different  from  ultrasonic  crack  de- 
tection using  pulse-echo  methods,  where,  except  for  extremely  tight  cracks,  the  crack 
opening  ia  not  a significant  factor  in  crack  detectability.  In  ultrasonic  testing, 
the  important  parameters  for  crack  detection  are  the  dimensions  of  the  crack  (length 
and  depth),  the  angle  of  the  crack  to  the  ultrasonic  beam,  and  the  roughness  of  tne 
crack  faces.  They  continued  by  emphasizing  that  the  important  point  of  difference 
between  radiographic  and  ultrasonic  crack  detection  is  the  dependence  of  radiography 
on  having  a respectable  crack  opening.  They  stated  that  the  detection  of  tight  cracks 
less  than  0.02  mm  wide  is  always  going  to  be  difficult  by  radiography,  with  a low 
probability  of  success,  even  when  the  probable  direction  of  the  crack  is  known.  Finally, 
they  warned  that  the  use  of  radiography  in  the  hope  of  detecting  tight  cracks,  when 
their  approximate  angle  is  not  known,  or  the  x-ray  beam  cannot  be  used  at  the  suitable 
direction,  is  bad  non-destructive  testing  and  a misuse  of  radiography. 

Stafford  et  al. (8)  reported  the  use  of  proton  radiography  as  the  first  non- 
destructive method  capable  of  detecting  microporosity  in  high-temperature  nickel->,ase 
alloy  castings.  Since  the  technique  requires  a uniform  thickness  of  sample,  in  order 
to  extend  the  region  of  sensitivity  to  the  whole  of  a blade  aerofoil  an  anti-blade  was 
made,  of  such  a shape  that  when  placed  in  contact  with  a blade  it  equalized  the 
thickness.  Stewart (9)  presented  a paper  in  which  he  described  the  development  of  a 
high  energy  radiation  system  which  possesses  the  ability  to  penetrate  the  thick  metal 
systems  existing  on  aero  gas  turbines  so  that  when  used  in  conjunction  with  a suitable 
imaging  system,  the  small  movements  of  components  can  be  revealed,  recorded,  ar.i 
analysed.  In  1976,  Guillen (10)  reported  that  the  types  of  defects  detectable  by  isotope 
inspection  of  jet  engines  could  be  categorized  as  cracks  and  fractures,  wear  and  tear, 
and  distortion  or  deformation. 


Also  in  1976,  a number  of  investigators  reported  the  use  of  neutron  radiography 
for  the  examination  of  various  aircraft  structures.  Dance (11)  evaluated  adhesive 
bonds  in  metal  honeycomb  and  phenolic  f iberglass-to-metal  structures.  Adhesive  flaws 
in  a variety  of  bonded  assemblies,  including  a set  of  test  panels  with  built-in  adhesive 
voids  and  unbonds,  were  detected.  In  addition,  he  showed  that  detection  of  corrosion 
hidden  within  metal  aircraft  assemblies  appears  to  be  a promising  application  of  neutron 
radiography.  Edenborough(12)  developed  a technique  for  using  neutron  radiography  for 
improved  detection  of  residual  ceramic  core  in  investment  cast  turbine  airfoils.  John (13) 
reported  the  superiority  of  neutron  radiography  over  all  other  NDT  techniques  in  its 
ability  to  detect  surface  and  subsurface  corrosion  in  aircraft  structures.  He  applied 
the  neutron  radiographic  technique  to  successfully  detect  corrosion  in  aircraft  wing  tanks, 
rear  stabilators,  spars,  wings,  fuselage  skin,  nose  landing  gear,  and  helicopter  rotary 
blades  and  tail  flaps.  Underhill  and  Newacheck (14)  reported  the  use  of  neutron  radiography 
to  inspect  for  residual  wax  material  in  liquid  rocket  fuel  and  oxidizer  injector  assemblies 
and  nozzle  cooling  passages.  They  also  reported  detection  of  extruded,  ruptured,  or 
out-of-position  O-rings  ir.  valves,  lack  of  epoxy  cement  in  epoxy-bonded  helicopter  rotor 
blades,  and  determination  of  internal  cracks  and  flaws  in  objects  of  low  attenuating  mate- 
rials using  a gadolinium-tagged  penetrating  solution. 

In  1977,  Parish  and  Cason(15)  described  an  x-radiographic  method  which  employed  an 
image  enlargement  technique  to  permit  high  definition  radiography  of  cast  turbine  blades 
as  a method  of  detecting  ar.d  evaluating  the  incidence  of  microporosity.  They  used  an 
x-ray  microfocus  unit  possessing  a focal  spot  size  of  about  15  yra  (0.015  ram)  and  were 
able  to  detect  individual  pores  as  small  as  0.03  mm.  Since  Mr.  Parish  is  scheduled  to 
present  a paper  in  this  lecture  series  on  high  resolution  radiography,  I am  certain  that 
we  will  be  brought  up  to  date  on  the  capabilities  of  such  systems. 

Before  concluding  discussion  of  radiographic  systems,  mention  should  be  made  of  the 
potential  usefulness  of  flash  radiographic  systems (16 ,17)  although  to  the  best  of  the 
present  author's  knowledge  these  systems  have  not  been  used  for  aircraft  inspection. 

Thus,  the  present  state  of  radiography  is  such  that  although  x-ray,  gamma  ray,  neutron 
and  proton  radiography  can  be  usefully  exploited  for  various  aspects  of  non-destructive 
testing  as  related  to  aircraft  components,  it  is  apparent  that  all  radiographic  techniques 
are  better  suited  to  detection  of  missing  or  misplaced  components  and  to  dimensional 
measurements,  than  to  crack  detection  or  to  detection  of  pre-crack  fatigue  damage. 

PENETRANTS 

\ 

Penetrant  non-destructive  testing  techniques  are  useful  for  detecting  surface  cracks 
in  aircraft  components.  In  the  static  production  and  service  inspection  of  components 
penetrant  inspection  is  very  good,  but  by  its  very  nature  cannot  be  used  for  dynamic 
measurements.  In  1973,  Alburger(18)  presented  a paper  in  which  he  discussed  in  detail  a 
revised  military  specification  for  penetrant  inspection  being  prepared  for  the  U.  S.  Air 
Force.  He  pointed  out  that  penetrant  inspection  has  been  used  for  many  years  in  high 
volume  testing  of  critical  aircraft  parts  including  castings,  forging3,  structural  members, 
and  turbine  blades.  The  revised  military  specification  reflects  not  only  the  modern  tech- 
nology of  penetrant  materials,  but  also  many  new  concepts  of  penetrant  behavior,  and  new 
techniques  for  evaluating  the  performance  of  penetrant  materials.  It  should  be  noted  that, 
according  to  the  statistical  survey  conducted  by  Rummel  et  al.,(l)  although  penetrant 
inspection  is  superior  to  radiography  for  the  detection  of  the  smallest  cracks,  it  is 
inferior  to  eddy  current  and  ultrasonic  inspection  techniques. 

EDDY  CURRENT 

Eddy  current  inspection  techniques  are  somewhat  superior  to  penetrant  inspection 
techniques  for  the  detection  of  cracks  in  aircraft  components,  since  they  cannot  only 
detect  surface  cracks  but  also  near  surface  cracks.  They  are  particularly  useful  for 
detecting  cracks  in  holes  or  tubing.  Eddy  current  techniques  are  more  often  used  for 
static  rather  than  dynamic  testing.  In  1967,  Smith  and  McMaster(19)  described  the  use 
of  an  eddy  current  inspection  system,  called  a magnetic  reaction  analyzer,  which  used 
a Hall  element  in  place  of  a pickup  coil  for  its  detector.  This  system  was  reported 
to  be  finding  use  in  a variety  of  applications  throughout  the  aerospace  industry  in- 
cluding definition  of  type,  orientation,  and  location  of  defects.  In  1971,  Dodd  et  al.(20) 
presented  sets  of  curves  based  on  theoretical  calculations  which  permit  optimization  of 
eddy  current  tests  for  detecting  discontinuities.  Reeves, (21)  in  1973,  described  a 
mechanized  eddy  current  defect  detection  system  used  for  examination  of  aircraft  landing 
gear  components. 

In  1974,  Lang (22)  reported  the  development  of  two  single-coil  eddy  current  techniques 
for  the  surface  inspection  of  aluminum  aircraft  skin,  parts  and  structures.  These  tech- 
niques were  developed  to  replace  liquid  penetrant  and  eddy  current  methods  which  were  then 
in  use  for  the  inspection  of  aircraft  surfaces.  He  stated  that  use  of  these  two  new  eddy 
current  techniques  reduced  the  workload  from  over  100  to  1 manhour  per  inspection  on  a 
Lockheed  C-130  airplane.  Using  the  new  eddy  current  techniques,  known  cracked  areas  on 
various  airplanes  were  readily  detectable,  and  new  cracks  could  be  easily  found.  In  some 
cases  the  new  eddy  current  techniques  located  significant  bead  seat  cracking  which  had 
been  previously  passed  over  as  acceptable  by  penetrant  inspection.  This  could  be  done 
without  removing  the  layer  of  paint  and  zinc  chromate,  which  had  to  be  removed  for  pene- 
trant inspection.  The  same  year  Truluck(23)  noted  that  eddy  current  testing  has  been  one 
of  the  growth  areas  of  NDT,  with  a current  requirement  to  develop  techniques  to  detect, 
reliably,  cracks  as  small  as  0.1  mm  (0.004  in)  in  boltholes.  He  further  stated  that  it 


was  desirable  to  develop  eddy  current  conductivity  measurement  techniques  to  determine 
the  accurate  heat-treatment  state  of  light  alloys  and  to  develop  phase-sensitive  eddy 
current  equipment  to  detect  small  areas  of  corrosion.  In  this  regard,  Clarkson(6) 
pointed  out  that  the  nucleus  of  a fatigue  crack  can  easily  be  a minute  corrosion  pit  a 
few  thousandths  of  an  inch  deep.  He  reminded  that  in  a number  of  cases  where  highly- 
stressed  and  'fatigue-critical"  items  have  been  concerned,  an  eddy  current  technique 
has  been  successfully  employed  to  ensure  that  the  surfaces  involved  are  free  of 
corrosion  pits  or  minute  fatigue  cracks. 

In  1976,  in  a paper  devoted  to  a general  review  of  the  major  non-destructive  in- 
spection activities  in  the  U.S.  Air  Force,  Forney(24)  noted  that  although  the  problem 
of  detecting  cracks  under  installed  fasteners  in  the  outer  layer  of  structural  joints 
appears  well  in  hand  with  the  use  of  a new  portable  pulse  echo  shear  wave  scanner 
device,  the  location  of  cracks  around  fasteners  in  interior  layers  remains  an  elusive 
task.  He  reported  that  a new  multifrequency  eddy  current  technique  is  being  investi- 
gated which  has  shown  in  feasibility  studies  to  be  capable  of  detecting  cracks  as  small 
as  3 mm  (0.12S  in)  long  in  a second  plate  at  a depth  of  nearly  10  mm  (0.4  in)  from  the 
top  plate  outer  surface.  He  described  how  a special  low-frequency  test  coil  was  cen- 
tered over  the  installed  fastener  and  energized  simultaneously  with  a number  of 
sinusoidal  current  waveforms,  each  having  a different  frequency.  Return  signals 
associated  with  each  frequency  undergo  computerized  analysis  to  form  a composite  signal 
particularly  sensitive  to  the  small  cracks  in  the  interior  locations  of  interest.  The 
same  year.  Smith  and  Beech (25)  presented  a paper  which  describes  the  principles  of  eddy 
current  testing  and  the  potential  benefits  of  the  method  applied  to  manufactured  compo- 
nents and  raw  materials.  Although  no  applications  to  inspection  of  aircraft  components 
are  considered,  insight  into  advantages  and  limitations  are  presented  which  should  prove 
useful  to  aircraft  inspection.  Forster (26)  presented  a paper  in  which  he  discussed  the 
limits  of  nondestructive  indication  of  small  and  smallest  flaws  on  and  under  the  surface 
of  workpieces  by  electromagnetic  and  magnetic  techniques.  He  noted  that  fatigue  cracks 
start  at  "weak  points"  such  as  slag  inclusions,  slag  streaks,  or  other  material  inhomo- 
genieties  which  cause  heavy  local  stress  concentrations  under  service  conditions.  He 
further  noted  that  while  fatigue  cracks  are  usually  considered  to  start  on  the  surface  of 
the  workpiece,  in  materials  subjected  to  certain  stress  states  cracks  can  start  at  some 
depth  beneath  the  surface,  e.g.  roller  bearings.  Of  particular  significance  in  this 
paper  was  the  observation  that  superposition  of  a constant  magnetic  field  increased  con- 
siderably the  depth  at  which  meaningful  eddy  current  measurements  could  be  made  for  a 
given  eddy  current  frequency.  Kiplinger (27)  presented  a paper  in  which  he  discussed  the 
design  of  several  special  coils  and  fixtures  which  permitted  reliable  eddy  current 
measurements  to  be  made  on  turbine  engine  parts. 

ULTRASONICS  AND  ACOUSTIC  EMISSION 

As  concluded  by  Rummel  et  al.(l)  in  their  statistical  survey,  ultrasonic  techniques 
presently  constitute  the  most  reliable  methods  for  crack  detection,  as  well  as  being  the 
most  accurate  for  measuring  crack  dimensions.  It  should  also  be  noted  that  two  papers  in 
the  present  lecture  series  are  devoted  to  ultrasonic  techniques  and  a third,  on  acoustic 
emission,  is  closely  related  to  ultrasonics.  As  will  be  shown  in  the  following  sections, 
not  only  are  ultrasonic  techniques  suitable  for  surface  and  sub-surface  crack  detection 
and  sizing,  but  are  also  sensitive  detectors  of  pre-crack  formation  fatigue  damage. 

There  are  four  different  basic  ultrasonic  techniques  which  have  been  used  to  detect 
the  onset  of  fatigue  damage  in  cyclically  loaded  structural  materials. 

(1)  Body  Wave  Reflection:  A transducer,  longitudinal  or  shear  wave,  generates  an  ultra- 
sonic pulse  which  propagates  through  the  body  of  the  test  specimen.  Upon  striking  a crack, 
due  to  the  impedance  mismatch,  part  of  the  acoustic  energy  contained  in  the  incident  pulse 
is  reflected  back  to  the  transducer.  The  transducer  now  acts  as  a receiver  and  detects 
that  portion  of  the  pulse  reflected  from  the  crack. 

(2)  Surface  Wave  Reflection:  A transducer  generates  an  ultrasonic  pulse  which  propagates 
along  the  surface  of  the  test  specimen.  Upon  striking  a crack,  acoustical  impedance  mis- 
matching causes  a portion  of  the  incident  pulse  to  be  reflected  back  to  the  transducer  where 
it  is  detected. 

(3)  Ultrasonic  Attenuation:  A transducer  generates  an  ultrasonic  pulse  which  propagates 
either  through  the  body  of  the  specimen  or  along  its  surface.  As  a result  of  various 
mechanisms  (in  the  case  of  fatigue  severely  plastically  deformed  regions  or  microcracks) 
energy  is  lost  from  the  incident  pulse.  Hence,  the  pulse  which  is  reflected  from  the 
opposite  side  of  the  test  specimen  from  which  it  wa3  transmitted  is  detected  to  have  a 
decreased  amplitude  in  comparison  with  the  incident  pulse.  Alternatively,  a second  trans- 
ducer, affixed  to  the  side  of  the  test  specimen  opposite  the  sending  transducer,  can  serve 
as  a receiver,  or  for  the  surface  wave  case,  a receiving  transducer  can  be  affixed  to  the 
same  surface  of  the  test  specimen  as  the  generating  transducer. 

(4)  Acoustic  Emission:  Elastic  waves,  some  of  which  possess  ultrasonic  frequencies,  are 
internally  generated  when  a test  specimen  is  subjected  to  a sufficiently  high  state  of 
stress.  A transducer  affixed  to  the  surface  of  the  test  specimen  detects  these  internally 
generated  waves. 

Each  of  these  four  techniques  has  certain  advantages  and  disadvantages  as  regards  their 
usefulness  for  the  detection  of  the  onset  of  fatigue  damage. 
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ULTRASONIC  ATTENUATION 

The  first  ultrasonic  technique  used  to  study  the  development  of  fatigue  damage 
during  stress  cycling  was  the  ultrasonic  attenuation  technique.  As  early  as  1956, 

Truell  and  Hikata(28)  observed  changes  in  ultrasonic  attenuation  in  the  early  stages 
of  frt.gue  cycling  on  a polycrystalline  aluminum  specimen.  In  subsequent  publications, 
True  I.  and  co-workers (29-32)  reported  results  of  experiments  where  ultrasonic  attenua- 
tion Teasurements  were  made  during  fatigue  tests  up  to  fracture  of  the  test  specimens. 

They  used  cycling  rates  of  400  cycles  per  minute  to  1900  cycles  per  minute  and  in  every 
case  the  attenuation  changed  as  a function  of  the  number  of  cycles.  For  tests  carried 
out  to  fracture  there  was  a marked  increase  in  attenuation  just  prior  to  failure.  Al- 
though only  a small  number  of  fatigue  tests  were  performed  and  all  of  these  used  aluminum 
specimens,  the  results  indicated  the  usefulness  of  such  measurements  for  prediction  of 
fatigue  failure. 

In  1962,  Bratina  and  Mills (33)  used  ultrasonic  attenuation  to  study  fatigue  damage  in 
plain  high-carbon  steel  and  two  alloy  steels.  They  used  a slow  cycling  rate  of  approxi- 
mately one  cycle  per  minute  and  found  that  at  this  low  rate  the  ultrasonic  attenuation 
decreased  with  increasing  numbers  of  stress  cycles.  They  attributed  these  results  to 
strain-ageing  effects  caused  by  pinning  of  dislocation  loops  by  diffusing  carbon  atoms. 

The  same  year,  Ponomarev (34)  measured  the  ultrasonic  attenuation  in  metallic  and  non- 
metallic  cvlindrical  samples  during  repetitive  loading.  The  metallic  samples,  steel, 
copper,  and  duraluminum  were  subjected  to  torsional  loading,  while  the  nonmetallic  samples, 
glass,  plexiglass,  quartzite,  and  quartz  were  subjected  to  periodic  impact  loads.  He 
established  that  the  moment  of  failure  onset  of  a part  due  to  fatigue  damage  can  be  de- 
termined from  the  character  of  the  change  in  ultrasonic  attenuation  curve. 

Pawlowski, (35, 36)  in  1963,  measured  ultrasonic  attenuation  during  fatigue  cycling  of 
specimens  of  low  carbon  steel,  an  alloy  steel,  an  aluminum  alloy,  and  grey  cast  iron. 

Using  a cyclic  loading  rate  of  25  Hz  he  found  that  all  the  materials  tested  showed  an 
increase  in  attenuation  with  increasing  number  of  fatigue  cycles.  His  change  in  attenua- 
tion versus  number  of  cycles  curves  exhibited  two  distinct  regions.  The  first  region  was 
nearly  linear  and  showed  a relatively  gradual  increase  in  attenuation  with  increasing 
number  of  cycles.  The  second  region  which  occurred  in  the  final  stage  of  the  fatigue  life 
of  the  specimen  showed  a more  rapid  increase  of  attenuation  with  increasing  number  of 
cycles  and  terminated  with  fracture  of  the  specimen.  Pawlowski  concluded  that  an  irre- 
versible increase  in  attenuation  can  be  regarded  as  an  indicator  of  damage  accumulation 
developing  gradually  in  the  process  of  fatigue.  These  irreversible  changes  he  attributed 
to  microcrack  formation  which  coalesce  to  form  macrocracks  and  eventual  fracture. 

In  1967,  Herlescu  et  al.(37)  recorded  the  change  in  ultrasonic  attenuation  as  well  as 
velocity  of  propagation  of  a Rayleigh  wave  in  mild  steel  subjected  to  fatigue  deformation. 
They  reported  that  both  attenuation  and  velocity  tended  to  increase  slightly  at  the  early 
stage  of  fatigue,  dropped  considerably  and  became  somewhat  constant  as  cycling  proceeded. 
Finally,  there  was  a pronounced  increase  in  attenuation  attributed  to  scattering  by  micro- 
crack formation.  They  observed  relatively  little  change  in  velocity  at  this  stage. 

Cole  and  Zoiss, (38)  in  1969,  used  a through  transmission  ultrasonic  attenuation  method 
to  determine  the  location  and  criticality  of  fatigue  induced  deunage  in  filament  wound 
fiberglass  cylinders.  They  correlated  the  measured  ultrasonic  attenuation  to  the  residual 
life  remaining  to  the  material. 

In  1971,  Moore  et  al. (39)  attempted  unsuccessfully  to  relate  ultrasonic  surface  wave 
measurements  of  attenuation  and  velocity  to  fatigue  damage  in  five  specimens  of  1100 
aluminum  which  had  undergone  fatigue  deformation  for  30,  50,  70,  80  and  90  percent  of  the 
specimen  life.  A possible  reason  for  their  lack  of  success  was  apparent  interference 
effects  between  some  unspecified  wave  and  the  surface  wave  of  interest. 

In  1972,  Green  and  Pond (40)  reported  the  results  of  experiments  which  used  change  in 
ultrasonic  attenuation  measurements  as  a continuous  monitor  of  fatigue  damage  during  high 
cycle  testing  of  aluminum  and  steel  specimens.  Green  and  his  co-workers (41-52)  have  con- 
tinued to  make  such  measurements  since  that  time;  the  results  of  this  work  will  be 
described  in  more  detail  in  a later  section  of  the  present  article. 

Owston, (S3)  in  1973,  measured  the  attenuation  of  ultrasonic  waves  transmitted  through 
carbon  fiber  reinforced  polymer  specimens  at  various  stages  of  the  fatigue  life  of  the  test 
specimens.  He  reported  that  the  specimens  showed  considerable  variations  in  ultrasonic 
attenuation  even  before  fatigue  testing,  and  that  the  mean  value  of  the  attenuation  also 
varied  markedly  from  specimen  to  specimen.  Fatigue  failures  accompanied  by  large  areas  of 
delamination  were  easily  detected  and  identified.  Failures  which  were  the  result  of  more 
discrete  cracks  or  excessive  micro-cracking  of  the  matrix  and  fibers  were  easily  detected, 
but  not  always  easily  distinguished  from  one  another. 

In  1975,  Tsuchida  and  Okada(54)  measured  the  attenuation  of  ultrasonic  surface  waves 
and  noted  an  incremental  change  in  attenuation  at  about  60  to  70  percent  of  the  fatigue 
life. 


Also  in  1975,  Pouliquen  and  Defebvre(55)  measured  the  ultrasonic  attenuation  of  con- 
tinuously generated  and  detected  surface  waves  during  fatigue  cycling  of  a steel  specimen. 
The  specimen  placed  between  two  piezoelectric  quartz  crystals,  on  which  interdigital  combs 


were  deposited,  comprised  a composite  ultrasonic  delay  line.  Three  phases  of  the 
attenuation  versus  number  of  fatigue  cycle  curves  were  observed.  In  the  first  phase 
(0  - 40,000  cycles)  the  attenuation  varied  rapidly;  in  the  second  phase  (40,000  - 
80,000  cycles)  the  attenuation  remained  practically  constant;  in  the  third  phase  (above 
80,000  cycles)  the  attenuation  increased  rapidly  once  again.  Pouliqu*n  and  Defebvre 
concluded  that  the  attenuation  variation  with  the  test  specimen  at  its  position  of 
maximum  bending  appeared  to  be  the  most  sensitive  for  studying  fatigue. 

In  1977,  MacDonald, (56)  in  a survey  of  the  use  of  ultrasonics  to  investigate  the 
state  of  fatigue  in  metals,  emphasized  the  view  that  the  rate  of  change  of  ultrasonic 
attenuation  correlated  better  with  fatigue  life  than  does  the  applied  stress  amplitude. 

Most  recently.  Green  and  Duke (52)  conducted  an  exhaustive  review  of  ultrasonic  and 
acoustic  emission  detection  of  fatigue  damage,  a portion  of  which  is  reproduced  in  the 
present  paper. 

SURFACE  WAVE  REFLECTION 

In  1960,  Brosens  et  al. (57)  first  attempted  to  detect  fatigue  damage  by  the  reflec- 
tion of  ultrasonic  Rayleigh  surface  waves.  Apparently,  their  lack  of  success  was  chiefly 
due  to  poor  efficiency  of  the  plastic  wedge  for  conversion  of  longitudinal  waves  to  sur- 
face waves. 

The  first  successful  use  of  surface  wave  reflection  to  detect  the  development  of 
surface  cracks  during  fatigue  cycling  was  reported  by  Rasmussen(58)  in  1962,  who  carried 
out  tests  on  an  electropolished  aluminum  alloy.  He  claimed  detection  of  fatigue  damage 
as  early  as  39  percent  of  the  specimen  life,  but  pointed  out  that  the  surface  finish  of 
the  specimen  played  a primary  role  in  the  ability  to  record  such  early  warning  signals. 

Since  fatigue  damage  is  generally  viewed  as  originating  at  the  surface  of  an  origi- 
nally flawless  material,  and  since  surface  waves  normally  possess  an  effective  penetration 
depth  of  approximately  one  wavelength,  such  waves  have  been  used  to  detect  fatigue  damage 
continuously  up  to  the  present  time. (59-76) 

Leonard, (63)  in  1969,  used  ultrasonic  surface  and  longitudinal  waves  with  conventional 
pulse-echo  and  pitch-catch  techniques  for  detection  of  fatigue  cracks  near  the  tenon  base 
region  of  turbine  engine  compressor  discs.  A most  significant  result  of  this  inspection 
method  was  the  detection  of  a minute  crack  not  detectable  by  macroscopic  or  penetrant 
inspections.  In  1973,  Bunce(68)  reported  that  a requirement  arose  to  inspect  for  crack3 
in  turbine  blades  in  a jet  engine  on  a routine  basis  in  situ  in  the  aircraft.  Since  this 
requirement  ruled  out  any  possibility  of  using  radiography,  the  choice  lay  between  ultra- 
sonic and  eddy  current  inspections.  Access  to  the  blades  was  through  the  jet  pipe  at  the 
rear  of  the  engine  from  where,  by  reaching  forward  through  the  final  stator  section,  the 
leading  edge  of  the  blades,  where  the  cracks  were  known  to  occur,  could  be  reached.  An 
attempt  to  use  an  eddy  current  probe  was  unsuccessful  because  the  combination  of  material 
type,  material  mass  change  in  the  radius  and  accurate  location  of  the  probe  proved  to  be 
insurmountable  problems  and  so  a surface  wave  ultrasonic  technique  was  investigated.  When 
perfected,  the  surface  wave  ultrasonic  technique  proved  to  be  capable  of  finding  cracks 
which,  after  removal  of  the  blade  from  the  engine,  could  not  be  seen  visually  even  using 
high  power  magnification.  The  full  value  of  the  inspection  technique  was  that  it  not  only 
effectively  prevented  in-service  blade  failure,  but  as  the  crack  propagation  rate  was  very 
rapid,  the  inspection  could  be,  and  was  carried  out  on  aircraft  turnarounds  that  were  just 
long  enough  to  allow  the  engine  to  cool  sufficiently  for  a technician  to  enter  the  jetpipe, 
thus  enabling  inspections  to  be  repeated  at  intervals  of  only  a few  days. 

In  a somewhat  similar  situation,  Lake  et  al.,(71)  in  1975,  developed  a stress  enhanced 
ultrasonic  surface  wave  technique  for  inspection  of  gas  turbine  compressor  blades.  They 
pointed  out  that  a number  of  factors  complicate  the  problem  of  adequately  examining  com- 
pressor blades  to  determine  structural  integrity  or  freedom  from  fatigue  cracks  during 
overhaul  inspections.  The  factors  they  listed  are:  (a)  the  great  number  of  parts  re- 
quiring examination  — in  the  larger  engines,  upwards  of  1000  blades  are  used  in  each 
engine,  (b)  the  presently  used  methods,  namely,  magnetic  particle  and  penetrants,  are 
essentially  visual  examinations,  and,  (c)  perhaps,  most  importantly,  the  presently  used 
methods  are  fundamentally  incapable  of  detecting  very  early  fatigue  cracks.  They  also 
noted  that  in  addition  to  fatigue  cracks,  it  is  important  to  examine  compressor  blades 
for  corrosion  and  erosion  pits,  and  also  foreign  object  damage,  since  fatigue  cracks  may 
be  initiated  at  such  discontinuities.  Their  prototype  system  consisted  of  four  transducer 
arrays,  one  for  the  convex  side,  and  on«»  for  the  concave  side  of  blades  in  the  first  stage 
and  two  similar  arrays  for  the  second  stage  blades.  After  inspection  of  the  blades  in  the 
no-load  condition,  a bending  load  of  approximately  one-half  the  yield  stress  was  applied 
by  pinching  two  adjacent  blades  together  and  the  inspection  repeated.  They  substantiated 
that  their  prototype  stress  enhanced  ultrasonic  surface  wave  inspection  system  could  be 
semi-automated  and  could  be  used  to  successfully  inspect  first  and  second  stage  blades 
with  the  rotor  installed  in  the  engine  and  by  means  of  a suitable  fixture,  the  blades 
could  be  examined  during  overhaul  without  removing  blades  from  the  rotor. 

Although  surface  wave  reflection  techniques  have  been  used  quite  successfully  to 
detect  fatigue  cracks  which  were  undetectable  by  other  non-destructive  testing  methods, 
surface  wave  reflection  techniques  are  not  sensitive  to  material  changes  which  give 
warning  of  fatigue  damage  prior  to  macrocrack  formation,  i.e.  prior  to  a surface  crack 
becoming  large  enough  to  reflect  back  to  the  transducer  an  easily  detectable  amount  of 
ultrasonic  energy.  The  condition  of  the  workpiece  surface  and  proper  transducer 


attachment  are  special  problems  associated  with  the  use  of  surface  waves.  Moreover, 
in  many  real  materials  internal  stress  concentrations  cause  cracks  to  form  in  the 
interior  of  the  material  and  not  at  the  surface  where  they  can  be  detected  by  surface 
waves.  Surface  wave  reflection  techniques  are  better  suited  to  detection  of  surface 
breaking  macrocracks  and  crack  surface  length  measurement  than  to  early  detection  of 
pre-crack  fatigue  damage. 

BODY  WAVE  REFLECTION 

Body  wave  reflection  techniques  as  applied  directly  to  the  fatigue  process  itself 
were  first  reported  by  Socky(77)  in  1964  and  also  have  continued  up  to  the  present 
time. (63,64,68,69,72,73,75,78-102) . Bunce<68)  described  the  design  of  a special  ultra- 
sonic probe  for  inspection  of  attachment  lugs  containing  a bushed  hole.  He  noted  that 
use  of  such  an  ultrasonic  probe  requires  no  dis-assembly , beyond  that  required  for 
access,  in  order  to  accomplish  the  inspection,  whereas  an  eddy  current  inspection  of 
the  same  hole  would  need  the  removal  or  dis-attachment  of  the  component  involved  and 
removal  of  the  bushes  which  might  in  itself  cause  damage. 

In  1974,  Sugg  and  Kammerer(90)  reported  the  results  of  a study  which  demonstrated 
that  an  ultrasonic  system,  properly  designed  and  using  bonded-in-place  transducers,  can 
monitor  multiple  structural  areas  for  fatigue  crack  growth.  Packman  et  al.,(93)  in 
1975,  reported  the  development  cf  an  ultrasonic  shear  wave  probe  for  characterization 
and  measurement  of  defects  in  the  vicinity  of  fastener  holes.  In  1976,  Couchman  et  al. 

(98)  described  the  development  of  a computerized  system  designed  to  detect  cracks  by 
rotating  a shear  wave  transducer  around  installed  fasteners  or  bolt  holes.  The  same 
year,  Forney (100)  described  a new  portable  pulse  echo  scanner  device  also  designed  to 
detect  fatigue  cracks  in  highly  stressed  fastener  holes.  Most  recently,  Doyle  and  Scala 
(101)  published  a review  article  summarizing  the  status  of  crack  depth  measurement  by 
ultrasonics. 

Beginning  in  1975  and  continuing  up  to  the  present  time  a series  of  reports (102) 
has  been  published  by  the  Center  for  Advanced  NDE  at  the  Science  Center  of  Rockwell 
International,  which  contains  many  papers  dealing  with  quantitative  flaw  definition  by 
ultrasonic  techniques. 

Body  wave  reflection  techniques  have  experienced  considerable  success,  particularly 
with  regard  to  crack  detection  and  sizing.  They  offer  a big  advantage  over  penetrant, 
eddy  current,  and  surface  wave  reflection  techniques  in  that  they  can  locate  and  measure 
flaws  at  large  depths  in  most  materials.  However,  body  wave  reflection  techniques  are 
also  not  sensitive  to  material  changes  which  give  warning  of  fatigue  damage  prior  to 
macrocrack  formation.  The  main  reason  for  this  is  that  in  order  for  an  easily  detectable 
fraction  of  the  incident  ultrasonic  energy  to  be  reflected  from  a crack  back  to  the  trans- 
ducer, the  crack  must  be  relatively  large,  and  often  the  workpiece  will  be  already  well  on 
the  way  to  fracture. 

ACOUSTIC  EMISSION 

Even  though  Kaiser (103)  is  generally  credited  with  "discovering"  acoustic  emission  in 
1950,  it  was  not  until  1964  when  Dunegan  et  al.  (104)  initiated  work  ir.  the  ultrasonic  range 
of  frequencies  that  acoustic  emission  actually  became  an  engineering  tool.  The  amount  of 
work  performed  in  this  field  since  that  time  is  enormous , (105-108)  and  many  investigators 
have  monitored  acoustic  emission  successfully  during  fatigue  testing,  despite  the  diffi- 
culty encountered  in  separating  the  acoustic  emission  signals  from  background  noise. 

In  1967  and  1968,  Hartbower  et  al.  (109-111)  monitored  acoustic  emission  associated 
with  slow  crack  growth  during  low-cycle  fatigue  testing  of  precracked  steel  specimens 
possessing  different  heat  treatments  and  of  aluminum  and  titanium  alloys.  For  this  low- 
cycle  fatigue  work  an  accelerometer  in  conjunction  with  a filter  apparently  eliminated  the 
noise  problem.  It  should  be  noted  here  that  such  low-cycle  fatigue  tests  present  no 
greater  noise  problems  than  those  associated  with  simple  tensile  tests  and  hence  elimina- 
tion of  noise  in  these  tests  is  relatively  easy. 

Hutton, (112-114)  in  1969,  reported  measuring  acoustic  emission  during  low-cycle 
tension-compression  fatigue  testing  of  a high  nickel  alloy  steel  at  1000°F  and  noted  that 
at  least  three  peaks  in  the  emission  curve  were  evident  prior  to  failure.  He  considered 
the  first  to  be  due  to  an  initial  high  density  of  mobile  dislocations,  which  became  pinned 
in  a limited  number  of  cycles.  The  second  and  third  peaks  he  regarded  as  due  to  micro- 
cracking and  macro-cracking,  respectively.  He  also  recorded  acoustic  emission  data  during 
high  cycle  tension-tension  fatigue  testing  of  notched  aluminum  and  carbon  steel  specimens. 
The  latter  test  in  particular  gave  evidence  that  macro-crack  nucleation  caused  sharp  in- 
creases in  acoustic  emission  prior  to  detection  of  a visible  crack.  The  emission  data 
also  showed  a more  gradual  increase  which  he  attributed  to  micro-crack  formation.  Hutton 
eliminated  the  background  noise  problem  by  working  with  a frequency  bandpass  window. 

Also  in  1969,  Dunegan  et  al. (115-117)  proposed  a method  of  detecting  fatigue  damage 
by  intermittently  stopping  the  fatigue  cycling  and  proof  testing  the  specimen  by  over- 
stressing while  monitoring  the  acoustic  emission.  This  method  has  the  advantage  of 
elimination  of  most  of  the  background  noise,  but  the  disadvantage  that  it  is  not  a con- 
tinuous on-line  technique.  Nevertheless,  it  is  informative  to  note  that  for  steel  and 
aluminum  alloy  test  specimens  and  for  steel  and  aluminum  pressure  vessels  similar  experi- 
mental results  were  obtained.  In  all  cases,  both  the  total  acoustic  emission  count  and 
the  count  per  cycle  increased  slowly  with  the  increasing  number  of  fatigue  cycles  and  then 


<• 


a 


/ 


increased  rapidly  just  prior  to  failure. 

In  1971  Nakamura (118)  reported  an  acoustic  emission  monitoring  system  which  can  be 
used  successfully  in  the  presence  of  the  heavy  background  noise  usually  encountered  in 
the  fatigue  testing  of  a large  complex  structure.  The  method  consists  essentially  in 
surrounding  one  or  more  master  acoustic  emission  sensors,  located  in  the  critical  region 
to  be  monitored,  with  an  array  of  slave  sensors.  When  a noise  signal  originates  outside 
the  critical  region,  an  electronic  gate  is  closed  which  prevents  the  master  sensor  from 
detecting  the  noise  signal.  An  actual  acoustic  emission  originating  within  the  critical 
region  is  detected  by  the  master  sensor  provided  the  gate  is  open.  There  are  several 
major  problems  associated  with  Nakamura's  technique.  A steady  noise  external  to  the 
critical  region  will  keep  the  gate  constantly  closed  and  hence  no  signals  will  ever  be 
detected  by  the  master  sensor.  Even  an  intermittent  external  noise  can  cause  problems 
because  the  gate  may  again  be  closed  just  at  the  moment  an  important  acoustic  emission 
occurs  in  the  critical  region.  Finally,  a noise  source  located  in  the  critical  region 
will  not  be  eliminated  by  the  slave  sensors  and  hence  will  mask  detection  of  actual 
emission  sources  by  the  master  sensor. 

Also  in  1971,  Rollins(119)  reported  monitoring  acoustic  emission  during  fatigue  test- 
ing of  boron-aluminum  composites.  He  used  a bandpass  filter  (50  to  500  kHz)  and  an  FET 
switching  transistor  in  front  of  the  digital  counter  in  order  to  discrim;  nte  between  the 
acout.lc  emission  signal  and  background  noise.  The  FET  transistor  was  gated  open  for  a 
short  peripd  of  time  which  coincided  with  the  maximum  tensile  stress  of  the  fatioue  load 
cycle  which  in  turn  coincided  with  the  time  interval  when  most  of  the  boror  filaments 
broke.  Signals  that  occurred  at  other  times  were  blocked.  His  experimental  results 
showed  that  for  a cantilever  bend  fatigue  test  no  significant  acoustic  emission  was  ob- 
served until  about  one-half  of  the  total  fatigue  life.  The  emission  counts  increased 
slowly  thereafter  until  at  about  954  of  the  total  fatigue  life  the  counting  rate  in- 
creased rapidly  until  failure.  For  a tension-tension  fatigue  test  some  acoustic  emission 
was  produced  during  the  tensile  preloading.  Upon  addition  of  the  cyclic  load  the  emission 
rate  was  rather  high  for  several  hundred  cycles,  and  then  decreased  and  remained  low  for 
most  of  the  fatigue  life  with  a sharp  rise  just  prior  to  failure. 

The  same  year,  Moore  et  al. (39)  monitored  acoustic  emissior  counts  during  fatigue 
cycling  of  1100-0  aluminum  specimens.  They  observed  that  the  cumulative  number  of  acoustic 
emission  counts  charged  slowly  in  the  early  part  of  the  fatigue  process  and  then  changed 
by  several  orders  of  magnitude.  A relationship  was  observed  between  the  significant  change 
in  the  slope  of  acoustic  emission  curve  and  the  percent  of  fatigue  life.  The  change  was 
observed  to  occur  at  less  than  50  percent  of  the  fatigue  life  and,  as  such,  offered  a 
possible  early  fatigue  damage  warning. 

In  1972,  Hartbower  et  al.  (120,121)  demonstrated  that  acoustic  emission  can  be  used  as 
a precu-sor  of  imminent  failure  for  low-cycle,  high-stress-intensity  fatigue  as  well  as 
for  the  case  of  environmentally  assisted  fatigue.  Plots  of  cumulative  stress-wave  count 
versus  cycle  number  consistently  showed  a marked  increase  in  count  rate  several  (10-20  or 
more)  cycles  before  fracture. 

Kusenberger  et  al. , (122)  in  1972,  monitored  crack  growth  in  stress  cycled  specimens 
of  4340  steel  and  7075-T6  aluminum.  Periodically,  cycling  was  stopped,  the  crack  length 
at  the  surface  was  measured,  and  a constant  proof  load  was  applied  to  the  specimen. 

During  proof  loading,  the  specimen  was  monitored  for  acoustic  emission.  The  results  ob- 
tained with  the  4340  steel  specimens  were  nuzzling  in  that  essentially  no  acoustic  emission 
above  the  nominal  background  level  was  recorded  until  the  last  cycle  prior  to  failure. 

Such  results  were  obtained  even  though  on  several  occasions  proof  loads  were  raised  nearly 
to  yield.  The  results  of  the  experiments  with  the  7075-T6  aluminum  specimens  indicated  a 
strong  dependence  of  the  acoustic  emission  on  the  state  of  stress.  A much  lower  count  was 
obtained  for  plane  strain  than  for  plane  stress. 

Kim,  Neto,  and  Stephens (123)  reported  the  results  of  some  preliminary  experiments  in 
which  they  recorded  acoustic  emission  during  continuous  tensile  cycling  of  a carbon 
fiber/epoxy  composite.  They  showed  that  the  acoustic  emission  energy  released  per  unit 
time  during  loading  varied  during  the  fatigue  cycling  and  that  the  Kaiser  Effect  was 
apparently  not  applicable  to  this  composite  material. 

In  1973,  Egle  et  al.  (124-126)  reported  an  acoustic  emission  system  for  monitoring 
high  cycle  fatigue  crack  growth.  They  used  a conventional  acoustic  emission  system  with  a 
high  pass  filter  between  the  transducer  and  preamplifier  and  a second  high  pass  filter 
between  the  preamplifier  and  digital  counter.  In  addition,  an  electromagnetic  transducer 
was  used  to  gate  the  counter  every  10  or  100  load  cycles.  For  low  cycle  fatigue  of  a 
notched  aluminum  plate  the  number  of  acoustic  emission  counts  per  load  cycle  first  de- 
creased and  then  increased  slowly  just  prior  to  failure.  For  high  cycle  fatigue  of  an 
aluminum  specimen  in  a displacement  controlled  cantilever  beam  tester  the  emission  exhi- 
bited a relatively  high  count  at  the  start  of  the  loading  followed  by  a sharp  decrease 
and  then  an  increase.  For  specimens  tested  with  higher  maximum  displacements  and  shorter 
lives,  the  emission  continued  to  increase  until  failure.  For  specimens  tested  with  lower 
maximum  displacements  and  longer  lives,  the  emission  tended  to  level  off  and  then  to 
decrease.  Egle  attributes  these  results  to  the  fact  that  the  rite  of  crack  propagation 
decreased  for  the  lower  ma- imum  displacements  because  of  the  displacement  control  on  the 
fatigue  tester. 

Owston(53)  recorded  ac  us:.:c  emission  counts  during  fatigue  testing  of  carbon  fiber 
reinforced  polymer  composite  s,^'  cimens  and  attempted  to  correlate  acoustic  emission  and 


loss  of  stiffners  (drop  in  natural  resonant  frequency) . He  found  a moderate  corre- 
lation for  specimens  made  from  material  with  a low  interlamina  shear  strength,  but 
none  for  specimens  of  high  inter lamina  shear  strength.  A change  in  the  principal 
source  of  emission  caused  by  a change  in  the  properties  of  the  material  was  suggested 
as  the  most  likely  cause  of  the  loss  in  correlation. 

Harris  and  Dunegan(127)  continuously  monitored  fatigue  crack  growth  in  7075-T6 
aluminum  and  4140  steel  by  acoustic  emission  techniques.  The  acoustic  emission  rate 
per  cycle  was  consistently  observed  to  be  cyclic  in  nature,  i.e.  the  rate  was  observed 
to  be  high  for  a few  cycles  of  loading  followed  by  a period  of  inactivity.  This  was 
regarded  as  strong  evidence  that  crack  growth  in  these  materials  does  not  occur  by  a 
uniform  growth  per  cycle,  but  by  a burst  of  growth  followed  by  a stationary  period. 

Morton  et  al(128)  performed  similar  investigations  in  which  they  monitored  acoustic 
emission  and  quantitatively  correlated  it  with  crack  growth  rate  and  the  applied  range  of 
stress  intensity  for  high  cycle  fatigue  of  2024-T851  aluminum  alloy.  They  concluded  that 
the  acoustic  emissions  observed  during  fatigue  are  more  closely  related  to  the  crack  tip 
plastic  volume  than  to  crack  extension. 

Bailey  and  Pless(129)  used  acoustic  emission  techniques  and  sound  travel  time  deter- 
minations to  locate  cracks  in  a structural  fatigue  test  specimen.  The  specimen  was 
subjected  to  a spectrum  of  cyclic  load  condition*  which  simulated  a total  of  150,000 
aircraft  flight  hours.  The  specimen  was  monitored  for  acoustic  emission  approximately 
10  percent  of  the  total  fatigue  test  time.  It  was  found,  in  agreement  with  the  results 
of  other  investigators,  that  crack  growth  at  a given  location  was  not  continuous  through- 
out the  fatigue  tests.  Cracks  were  observed  to  grow  during  some  test  passes,  but 
apparently  remained  stationary  during  other  passes.  Some  cracks  did  not  even  appear  to 
grow  continuously  during  a single  pass.  Crack  growth  was  reported  to  be  rapid  or  slow 
for  given  cracks  at  different  times.  A total  of  18  crack  locations  were  identified  by 
acoustic  emission  monitoring,  15  of  which  were  veri  ’ied  during  metallurgical  investigation. 

Vary  and  Klima(130)  reported  the  results  of  a preliminary  investigation  to  assess  the 
feasibility  of  continuously  monitoring  acoustic  emission  signals  from  fatigue  cracks 
during  cyclic  bend  tests.  Plate  specimens  of  6A1-4V  titanium,  2219-T87  aluminum,  and 
18-Ni  maraging  steel  were  tested  with  and  without  crack  starter  notches.  The  investigation 
indicated  that  it  was  possible  to  extract  meaningful  acoustic  emission  signals  in  a cyclic 
berd  machine  environment  and  that  such  acoustic  emission  monitoring  is  a potentially  useful 
tool  for  investigating  fatigue  cracking.  Ultrasonic  crack  growth  monitoring  was  applied 
simultaneously  with  acoustic  emission  monitoring  for  a few  specimens.  Although  abrupt  in- 
creases in  the  acoustic  emission  count  rate  were  observed,  the  ultrasonic  signals  indicated 
only  a smooth  increase  in  crack  size. 

Smith  and  Morton (131)  reported  a “short-time"  cross-correlation  technique  for  acoustic 
emission  monitoring  during  high-cycle  fatigue  testing,  which  largely  rejected  random 
electronic  noise  as  well  as  mechanical  noise  from  sources  other  than  the  crack.  Using 
their  technique  they  were  able  to  separate  the  acoustic  emission  signals  due  to  crack 
extension  from  those  of  crack  closing. 

Corle  and  Schliessmann (132)  conducted  a test  program  to  evaluate  acoustic  emission 
techniques  for  use  in  detecting  flaws  during  proof  testing  of  rocket  motor  cases.  Steel 
sheet  specimens  which  contained  tight  fatigue  cracks  of  various  sizes  were  tested.  An 
acoustic  emission  signature  was  recorded  for  each  specimen  during  proof  testing  and  was 
found  to  be  a function  of  the  flaw  size.  By  evaluating  the  signature,  unflawed  specimens 
could  be  distinguished  from  flawed  specimens,  and  the  flawed  specimens  could  be  ranked  on 
the  basis  of  flaw  size,  with  flaws  as  small  as  0.9  mm(0.035  in)  deep  being  detected.  By 
comparison,  flaws  as  large  as  4.1  mm  (0.16  in)  deep  and  66  mm  (2.6  in)  long  were  not 
detected  by  radiographic  techniques,  and  surface  flaws  as  large  as  2.5  mm  (0.1  in)  deep 
and  2.5  mm  (0.1  in)  long  were  not  detected  by  magnetic  particle  inspection. 

In  1974,  Morton  et  al.  (133)  investigated  the  effect  of  loading  variables  on  the 
acoustic  emissions  observed  during  fatigue-crack  growth.  They  concluded  that  the  acoustic 
emission  rate  near  peak  load  is  explicitly  related  to  applied  stress  intensity  for  materials 
of  widely  different  character.  They  also  concluded  that  varying  the  fatigue  test  cyclic 
frequency  can  result  in  a change  in  the  acoustic  emission  rate  without  resulting  in  a change 
in  crack  growth  rate. 

Willertz  and  Hunter (134)  recorded  thw  acoustic  emission  emitted  from  a 17-4  PH  stain- 
less steel  while  the  specimen  was  undergoing  fatigue  testing  in  the  torsional  mode.  Below 
the  cyclical  stress  sensitivity  limit,  defined  as  the  highest  stress  below  which  no  changes 
in  the  damping  occur  with  cycling,  no  abnormal  emissions  were  detected,  while  at  and  above 
this  limit  emissions  were  detected  which  could  be  attributed  to  fatigue  damage  which  re- 
sulted in  failure  of  the  specimen.  They  observed  that  once  the  crack  started  to  propagate, 
the  emissions  tended  to  occur  mainly  when  the  stress  went  through  zero  and  changed  sign  in 
one  direction  only.  Application  of  stress  in  the  opposite  direction  did  not  produce 
appreciable  acoustical  noise,  for  some  unknown  reason. 

Williams  and  Reifsnider (135)  conducted  strain  and  load  controlled  fatigue  tests  on 
boron-aluminum  and  boron-epoxy  angle-plied  composite  specimens  sim  ltaneously  with  acoustic 
emission  monitoring.  By  recording  the  acoustic  emission  signals  only  during  the  top  half 
of  the  loading  cycle  where  new  damage  was  most  likely  to  occur,  rather  than  during  un- 
loading and  at  low  stress  levels,  specimen  fretting  and  machine  noise  was  effectively 
rejected.  They  found  good  correlation  between  the  amount  of  specimen  damage  and  totalized 
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acoustic  emission,  end  the  rate  of  damage  development  with  acoustic  emission  rate  until 
significant  delaminations  caused  extraneous  scrapping  and  fretting  noise. 


In  1975  Acquaviva  and  Chait(136)  performed  acoustic  emission  tests  on  unnotched  and 
notched  tension-tension  fatigue  specimens  of  a high  strength  titanium  a’loy.  No  acoustic 
emission  was  detected  from  the  unnotched  fatigue  specimens  until  30  to  150  cycles  before 
fracture,  indicating  that  the  crack  initiation  and  propagation  phases  were  quasi-simulta- 
neous  for  this  high  strength  material.  At  30  Hz,  the  crack  initiation  to  fracture  time 
would  be  about  3 sec.  The  notched  specimens  produced  acoustic  emission  signals  at  least 
2500  cycles  (83  sec)  prior  to  fracture.  A measure  of  the  crack  area  for  each  of  the 
notched  specimens  showed  that  the  higher  emission  counts  were  associated  with  the  larger 
crack  depths. 


Pless  and  Bailey (137)  used  an  acoustic  emission  monitoring  system  to  detect  crack 
extensions  induced  in  a large  aircraft  wing  structure  through  cyclic  loading.  The  crack 
extensions  were  induced  by  tension-tension  loadings  at  specified  percentages  of  design 
limit  load  acting  on  four-inch  long  crack-starter  sawcuts  made  at  well-defined  locations 
on  the  specimen.  Since  both  audible  and  inaudible  fracture  increments  were  detected,  it 
was  concluded  that  the  tests  proved  the  feasibility  of  the  acoustic  emission  monitoring 
technique.  However,  even  though  the  signal-to-noise  ratio  was  high  enough  to  virtually 
exclude  false  alarms  during  these  tests,  the  tests  could  provide  no  information  about 
acoustic  and  other  transients  resulting  from  active  flight  systems. 


Mehdizadeh(138)  conducted  tension-tension  fatigue  tests  on  steel  specimens  exposed 
to  a corrosive  saltwater  environment.  He  concluded  that  periodic  proof  testing  combined 
with  acoustic  emission  monitoring  can  be  as  sensitive  a method  for  assessing  the  progress 
Of  corrosion  fatigue  deunage  as  the  continuous  acoustic  emission  monitoring  method.  How- 
ever, the  capability  of  the  proof  testing  - acoustic  emission  technique  to  evaluate  a 
well  developed  corrosion  fatigue  crack  depends  upon  the  geometry  and  size  of  the  crack 
relative  to  the  test  specimen.  Although  incipient  corrosion  fatigue  cracks  were  detected 
in  some  cases  after  10-30  percent  of  the  fatigue  life  had  elapsed,  in  other  cases  test 
specimens  containing  well  developed  corrosion  fatigue  cracks  generated  relatively  little 
acoustic  emission  during  proof  tests. 


Lazarev  et  al.(139)  reported  that  standard  fatigue  equipment  available  in  Russia  can 
be  used  for  fatigue  testing  accompanied  by  acoustic  emission  monitoring  provided  that  the 
background  noise  level  is  reduced  to  a value  sufficiently  lower  than  the  acoustic  emission 
signals.  They  presented  the  results  of  an  acoustic  emission  monitored  fatigue  test  which 
showed  a sharp  rise  in  acoustic  emission  counts  coincident  with  crack  formation  in  the 
test  specimen. 

Hatano(140)  measured  acoustic  emission  during  high-cycle  fatigue  testing  of  pure 
aluminum  specimens.  He  detected  intermittent  bur3t-type  emission  in  the  early  stage  of 
fatigue  testing  before  observation  of  macroscopic  crack  growth.  He  also  noted  that  most 
of  the  acoustic  emission  signals  were  detected  during  that  portion  of  the  fatigue  cycle 
where  the  cyclic  load  was  a maximum. 

Dunegan(141)  published  an  article  in  which  he  utilized  the  results  of  3ome  prior  work 
in  order  to  show  how  acoustic  emission  techniques  can  be  used  to  estimate  the  stress  in- 
tensity factor  of  a growing  crack,  and  therefore  provide  predictive  ability  for  determining 
failure. 


Fuwa(142)  used  acoustic  emission  to  study  the  damage  occurring  in  unidirectional 
carbon-fibre-reinforced  plastics  during  cyclic  loading  and  stress  relaxation  at  high  stress 
levels.  Their  results  suggested  that  true  fatigue  processes  do  not  occur  in  carbon-fibre- 
reinforced  plastics  and  that  the  damage  sustained  during  cycling  is  of  the  same  kind  as 
that  which  occurs  in  ordinary  tensile  loading. 

In  1976,  Kishi  et  al. (143)  studied  the  acoustic  emission  generated  during  cyclic 
deformation  of  pure  aluminum  and  reported  an  acoustic  emission  peak  accompanied  by  a 
Bauschinger  effect.  This  peak  was  observed  with  the  appearance  of  irreversible  plastic 
strain  and  the  peak  height  decreased  with  increase  in  the  number  of  cycles  up  to  a constant 
value  at  the  saturation  stress. 


Carlyle  and  Scott (144)  reported  a new  method  of  portraying  acoustic  emission  fatigue 
data  which  facilitates  the  interpretation  of  dynamical  micromechanical  failure  processes 
in  materials  and  also  proved  valuable  in  the  characterization  of  extraneous  testing 
machine  and  grip  noise.  In  their  technique  the  location  of  individual  acoustic  emission 
events  was  plotted  within  a coordinate  system  of  load  versus  number  of  fatigue  cycles. 

Using  their  method  they  detected  several  events  which  would  not  have  been  observed  with 
conventional  acoustic  emission  monitoring. 

Shinaishin  et  al(145)  reported  additional  results  of  acoustic  emission  detection  of 
fatigue  crack  initiation  and  propagation.  The  fatigue  tests  were  run  in  reverse  bending 
and  in  tensile  fatigue  on  notched  and  unnotched  titanium  specimens.  The  necessity  to  use 
notched  specimens  in  the  bending  fatigue  tests  was  occasioned  by  the  fact  that  initial 
tests  run  on  several  unnotched  specimens  resulted  in  failure  of  the  specimens  at  a fraction 
of  the  expected  life  without  any  acoustic  emission  warning.  Similarly,  notches  were  cut 
in  the  tensile  fatigue  specimens,  because  for  tests  run  on  unnotched  specimens,  acoustic 
emission  cracking  was  detected  only  after  more  than  99  percent  of  the  specimen  fatigue 
life  had  been  expended. 
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Bailey  and  colleagues (146-149)  expanded  upon  their  earlier  work  on  assessing  the 
possibility  of  using  acoustic  emission  for  in-flight  monitoring  of  aircraft  structures. 
Their  Flight  Structural  Monitoring  System  (FSMS)  was  designed  to  detect  the  large 
transient  acoustic  sound  generated  by  single  large  crack  extensions  rather  than  the 
lower  level  signals  generated  by  fatigue  crack  initiation.  Using  the  FSMS  they  success- 
fully monitored  crack  extensions  in  full-size  complex  structural  components  during 
fatigue  testing  by  a combination  of  signal  processing  techniques  involving  spatial 
discrimination,  frequency  filtering,  and  signal  amplitude  discrimination.  Cracks  were 
initiated  and  grown  on  a wing  test  article  at  selected  fastener  holes  from  sharp-notch 
sawcuts  by  subjecting  the  specimen  to  a flight-by-flight  load  spectrum  typical  of  a 
military  transport  aircraft.  Acoustic  emission  was  detected  from  12  of  the  15  test 
holes  monitored  which  experienced  crack  growth  and  3 of  6 extraneous  acoustic  emission 
sources  were  traced  to  loose  fasteners.  For  3 of  the  cracks  monitored,  the  acoustic 
emission  counts  showed  reasonable  correlation  with  amount  of  crack  growth.  The  greatest 
detractor  to  correlatable  data  was  random  noise. 

In  1977,  Sinclair  and  Connors (150)  monitored  acoustic  emission  during  fatigue  crack 
growth  in  A533B  steel,  low  carbon  steel,  and  HI  weld  metal.  During  loading  of  the  speci- 
mens, signal  recognition  discriminators  and  location  resolution  were  employed  to  allow 
detection  of  signals  in  the  presence  of  background  noise.  All  specimens  tested  either 
possessed  cut  notches  or  previously  introduced  fatigue  cracks  of  appreciable  size.  For 
the  most  intensively  investigated  A533B  steel  the  acoustic  emission  counts  were  related 
to  the  creation  of  new  crack  area.  The  location  resolution  of  the  tests  was  insufficient 
to  permit  determination  of  the  acoustic  emission  mechanisms. 

Horak  and  Weyhreter (151)  reported  the  development  of  an  acoustic  emission  system  for 
monitoring  components  and  structures  in  a severe  fatigue  noise  environment.  Their  system 
utilized  master-slave  discrimination,  rise  time  discrimination,  and  coincidence  detection 
to  identify  and  reject  unwanted  noise  signals  from  computer  processing.  Among  the  dis- 
crimination concepts  which  they  found  to  be  unsatisfactory  were  frequency  filtering,  com- 
puterized data  reduction,  and  mechanical  dampening.  Since  Horak  and  weyhreter  found  that 
the  wave  forms  of  the  various  transient  noises  contributed  most  to  false  data  generation, 
the  only  acoustic  emission  signals  reliably  detected  were  those  which  occurred  during  the 
time  periods  between  the  transient  fatigue  noises.  Their  system  indicated  10  false  loca- 
tions in  16  hours  on  a fatiguing  part  which  had  not  begun  to  crack.  Thirty-six  false 
locations  were  indicated  in  15  secs  when  their  discrimination  system  was  not  used.  Crack 
propagation  was  not  always  continuous  and  sometimes  stopped  completely  for  several  hundred 
cycles.  Although  crack  propagation  is  generally  considered  to  occur  during  the  maximum 
stress  application  of  the  fatigue  cycle,  their  results  showed  that  acoustic  emission 
resulting  from  crack  extension  occurs  during  low,  medium,  and  high  parts  of  the  loading 
curve.  These  data  led  them  to  caution  that  the  exclusive  use  of  time  gates  to  eliminate 
extraneous  noise  signals  might  also  eliminate  a large  portion  of  the  acoustic  emission 
signals  also.  As  a result  of  the  various  types  of  defects  and  loads  involved,  crack 
initiation  was  detected  and  located  from  several  minutes  to  several  hours  prior  to 
ultimate  failure.  Since  crack  initiation  occurred  within  the  material,  crack  initiation 
size  was  not  determined. 

Williams  and  Reifsnider (152)  used  a system  which  incorporated  a time  gate,  variable 
readout,  and  filtering  to  monitor  acoustic  emission  during  fatigue  loading  of  boron-epoxy 
and  boron-aluminum  composite  specimens  which  contained  a circular  centered  hole.  Their 
normal  practice  was  to  look  at  acoustic  emissions  generated  only  during  the  top  half  of 
the  loading  cycle  and  to  use  a frequency  band-pass  of  10-300  kHz.  Correlations  were  ob- 
served between  acoustic  emission  counts,  specimen  compliance,  infrared  heat  patterns,  and 
structural  damage. 

RECENT  ULTRASONIC  ATTENUATION  AND  ACOUSTIC  EMISSION  MEASUREMENTS 

Survey  of  the  published  literature  shows  that  at  the  present  time  ultrasonic  attenua- 
tion and  acoustic  emission  measurements  are  superior  to  all  other  non-destructive  testing 
techniques  for  the  early  detection  of  fatigue  damage.  Therefore,  these  two  techniques 
have  been  the  ones  selected  by  the  present  author  and  his  colleagues  for  further  investi- 
gation. 

In  1972,  Joshi  end  Green(42)  reported  the  results  of  experiments  which  used  change  in 
ultrasonic  attenuation  measurements  as  a continuous  monitor  of  fatigue  damage  during  high 
cycle  testing  of  aluminum  and  steel  specimens. 

Ultrasonic  pulses  were  generated  by  an  x-cut  quartz  transducer  firmly  attached  to  the 
clamped  end  of  a polycrystalline  aluminum  or  steel  bar  using  Eastman  910  cement.  The 
specimen  shape,  transducer  size  and  frequency  used  insured  that  the  entire  specimen  was 
completely . filled  with  ultrasound  in  a guided  wave  mode.  This  mode  of  operation  permitted 
the  ultrasonic  waves  to  detect  both  bulk  and  surface  alterations  in  the  test  specimens. 

Each  specimen  was  held  in  a horizontal  plane  and  was  displaced  vertically  at  the 
opposite  end  by  a fixture  attached  to  the  cam  of  the  fatigue  machine.  In  this  manner  the 
specimen  was  fatigued  in  reverse  bending  as  a cantilever  beam  to  fracture  at  30  Hz  with  a 
vertical  amplitude  peak-to-peak  which  was  set  at  a fixed  value  in  the  7.5  mm  to  15  mm. 

The  specimens  v.’ere  either  made  from  6061-T6  polycrystalline  aluminum  or  from  cold- 
rolled  polycrystalline  steel.  All  specimens  tested  were  made  from  the  same  lot  of 
aluminum  or  steel  in  order  to  minimize  differences  in  alloy  composition,  cold  work,  heat 
treatment,  and  surface  finish.  Prior  to  fatigue  testing,  each  specimen  was  ultrasonically 


tested  for  Internal  flaws  and  microscopically  examined  for  any  surface  defects  or 
scratches. 

Figure  5 shows  the  results  of  a typical  experiment  for  an  aluminum  specimen 
tested  at  a constant  vibration  amplitude  peak-to-peak  of  7.S  mm.  It  can  be  seen 
that  the  attenuation  began  to  increase  at  about  2.8  million  cycles  and  proceeded 
catastropically  to  fracture  at  about  3.5  million  cycles.  The  2.8  million  cycle 
mark  occurred  at  about  26  hours  and  failure  occurred  after  about  33  hr.  Thus  the 
ultrasonic  attenuation  measurements  gave  a strong  indication  of  the  onset  of  fatigue 
failure  at  approximately  7 hr  prior  to  the  occurrence  of  the  fracture  it3elf.  Con- 
ventional ultrasonic  monitoring  was  unable  to  detect  any  additional  echoes  due  to 
energy  reflected  from  the  crack  until  about  2 hr  prior  to  failure.  Thus,  for  this 
particular  experiment,  ultrasonic  attenuation  indicated  that  failure  was  eminent 
5 hr  before  conventional  ultrasonic  testing  could  indicate  any  crack  formation. 

Figure  6 summarizes  the  experimental  results  obtained  from  ultrasonic  monitoring 
of  the  fatigue  tests  with  the  aluminum  specimens.  The  ordinate  axis  in  this  figure 
corresponds  to  the  maximum  stress  on  the  outermost  fiber  of  the  bar  when  bent  to  the 
maximum  amplitude  chosen  for  the  particular  test.  The  upper  abscissa  axis  indicates 
the  test  time;  the  portion  of  this  scale  ranging  from  22  - 32  hr  should  be  used  with 
the  tests  run  at  a maximum  fiber  stress  of  2.29  x 10*  psi;  the  scale  ranging  from 

0 - 12  hr  should  be  used  with  all  other  tests.  The  lower  abscissa  axis  indicates  the 
number  of  fatigue  cycles  which  elapsed  before  various  events  were  detected.  The 
portion  of  this  scale  ranging  from  2.59  x 10®  cycles  to  3.46  x 106  cycles  should  be 
used  with  the  single  test  run  at  a maximum  fiber  stress  of  2.29  x 104  psi;  the  scale 
ranging  from  0-1.296  x 106  cycles  should  be  used  with  all  other  tests.  The  entries 
represented  by  circles  indicate  the  average  time  elapsed  in  5 similar  test3  before  an 
0.4  db  change  in  attenuation  was  observed.  The  criterion  of  0.4  db  change  was  selected 
as  an  early  warning  signal  since  this  amount  of  change  could  be  clearly  distinguished 
from  background  fluctuations  on  the  attenuation  recording  strip  chart  in  all  aluminum 
and  all  steel  tests.  The  entries  represented  by  triangles  indicate  the  average  time 
elapsed  in  5 similar  tests  before  detection  of  an  additional  echo  in  the  pulse-echo 
pattern  due  to  energy  reflected  from  a crack  in  the  test  »necimen.  The  entries  repre- 
sented by  squares  indicate  the  average  time  elapsed  in  5 similar  tests  before  fracture 
occurred.  It  can  be  clearly  seen  that  in  all  cases  the  change  in  ultrasonic  attenuation 
indicated  that  failure  was  eminent  before  conventional  ultrasonic  testing  could  detect 
an  additional  echo  caused  by  energy  reflected  from  a crack.  Moreover,  the  smaller  the 
amplitude  of  vibration  and  hence  the  longer  the  fatigue  test,  the  more  absolute  time 
there  is  between  the  ultrasonic  attenuation  warning  and  fracture  of  the  test  specimen. 

Figure  7 shows  the  results  of  a simile r experiment  for  a steel  specimen  tested  at  a 
constant  vibration  amplitude  peak-to-peak  of  7.5  mm.  In  this  case  the  attenuation  began 
to  increase  at  about  6 x 105  cycles  and  the  increase  proceeded  catastropically  to  fracture 
at  about  9 x loS  cycles.  The  6 x 10?  cycle  mark  occurred  at  about  6 hr  and  failure  oc- 
curred after  about  .3  hr.  Conventional  ultrasonic  monitoring  was  able  to  detect  an 
additional  echo  at  the  7 hr  mark.  Thus,  ultrasonic  attenuation  measurements  gave  warning 

1 hr  earlier  than  ultrasonic  pulse  detection  in  this  case. 

Figure  8 summarizes  the  experimental  results  obtained  from  ultrasonic  monitoring 
during  the  fatigue  tests  of  the  steel  specimens.  The  ordinate  axis  corresponds  to  the 
maximum  stress  on  the  outermost  fiber  of  the  bent  bar.  The  upper  abscissa  indicates 
the  test  time  in  hours,  while  the  lower  abscissa  indicates  the  number  of  fatigue  cycles 
which  elapsed  before  various  events  were  detected.  The  entries  represented  by  circles 
indicate  the  average  time  elapsed  in  3 similar  tests  before  an  0.4  db  change  in  attenua- 
tion wa3  observed.  The  entries  represented  by  triangles  indicate  the  average  time 
elapsed  in  3 similar  tests  before  detection  of  an  additional  pulse  due  to  reflection  of 
energy  from  a crack.  The  entries  represented  by  squares  indicate  the  average  time 
elapsed  in  3 similar  tests  before  fracture  occurred.  The  results  are  similar  to  those 
obtained  with  aluminum  in  that  ultrasonic  attenuation  gave  early  warning  of  fatigue 
failure. 

Panowicz(46)  performed  experiments  in  order  to  determine  whether  or  not  ultrasonic 
attenuation  measurements  could  also  be  used  to  predict  fatigue  failure  in  test  specimens 
which  had  latent  defects  purposely  introduced  in  them  in  order  to  alter  the  fatigue  life 
and  to  more  realistically  simulate  actual  in-service  operating  conditions  for  many  cases. 
The  terminology  "induced  latent  defects"  was  used  to  indicate  artificially  created 
defects  which  were  latent  in  the  sense  that  they  were  undetectable  by  either  normal  visual 
inspection  or  any  currently  available  ultrasonic  pulse-echo  testing  technique. 

The  test  specimens  were  machined  from  1100°F  polycrystalline  aluminum  in  the  form  of 
bars  with  dimensions  of  approximately  1.3  cm  by  2.5  cm  by  30.5  cm.  All  specimens  were 
made  from  the  same  lot  of  aluminum  in  order  to  minimize  differences  in  alloy  composition, 
grain  size,  and  surface  finish. 

The  latent  defects  were  created  in  the  aluminum  specimens  in  the  following  manner. 

A fine  saw  cut  1.6  cm  deep  was  made  in  each  specimen  along  the  2.5  cm  width,  at  a distance 
of  10  cm  from  one  end  of  the  bar.  After  thorough  degreasing  and  cleaning,  the  specimen 
was  clamped  in  a set  of  steel  dies  which  left  exposed  a 2.5  cm  length  in  the  region  of 
the  saw  cut.  The  function  of  the  die  set  was  to  reinforce  the  specimen  during  loading 
in  order  to  concentrate  the  plastic  deformation  in  the  area  of  the  cut  being  welded.  In 
order  to  promote  the  plastic  welding  process,  the  specimen-die  assembly  was  heated  for 


one  hour  at  a temperature  selected  in  the  hot  working  range  of  aluminum.  Immediately 
after  heating,  the  specimen-die  assembly  was  placed  in  a cylindrical  steel  protective 
housing  which  served  as  a guide  for  die  movement.  The  specimen-die  assembly  was  then 
end  loaded  in  compression  to  a predetermined  load  at  a rate  of  3.6  mm  per  sec.  This 
rate  was  found  to  produce  high  quality  welds  with  the  particular  loading  configuration 
and  tensile  test  machine  used. 

It  was  established  experimentally  that  any  plastic  weld  produced  by  heating  and 
loading  the  specimen  above  the  specified  minimum  values  created  a joint  in  the  bar  that 
was  undetectable  by  either  visual  inspection  or  ultrasonic  pulse-echo  testing.  The  weld 
joint  was  made  microscopically  visible  by  etching  the  specimen  in  a micro-etch  consist- 
ing of  20%  sodium  hydroxide  solution  in  water.  As  the  applied  load  for  welding  was 
increased,  the  micro-etch  delineated  weld  joint  transformed  from  one  which  appeared  to 
be  a continuous  line  to  a series  of  unconnected  microdefects.  These  observations  are 
consistent  with  the  hypothesis  that  the  induced  latent  defects  consisted  largely  of 
oxide  particles  which  were  trapped  inside  the  specimen  during  the  welding  operation. 

Figure  9 shows  the  results  of  a typical  test  where  ultrasonic  attenuation  was 
measured  as  a function  of  number  of  fatigue  cycles  for  an  aluminum  specimen  heated 
at  a promoting  temperature  of  750°F  (399°C)  and  plastically  welded  with  an  applied 
load  of  15,000  lb  (6804  kg).  Despite  differences  in  the  results  of  tests  run  on  specimens 
which  were  welded  using  different  promoting  temperatures  and  different  applied  loads, 
all  experiments  performed  yielded  similar  results  in  that  ultrasonic  attenuation  gave 
early  warning  of  fatigue  failure.  As  in  the  previous  work,  an  ultrasonic  attenuation 
change  of  0.4  dB  was  selected  as  an  early  warning  criterion  since  this  amount  of  change 
could  be  clearly  distinguished  from  background  fluctuations  on  the  attenuation  record- 
ing strip  chart  and  since  in  every  test  run  a crack  was  detected  only  after  a change 
in  ultrasonic  attenuation  of  0.4  dB  or  more  had  been  observed. 

Mignogna  et  al. (49)  made  continuous  measurements  of  changes  in  ultrasonic  attenua- 
tion of  a 2.25  MHz  wave  propagating  in  plain  and  "rivet  simulated"  1/16  inch  thick 
sheets  of  7075-T6  aircraft  aluminum  alloy  during  fatigue  cycling.  The  test  specimens 
were  held  in  a horizontal  plane  and  fatigued  until  failure  in  reverse  bending  as  a 
cantilever  beam  at  30  Hz;  the  peak-t-  peak  vertical  amplitude  was  0.3  in  (7.62  mm). 

All  specimens  were  cut  from  the  same  7075-T6  aluminum  sheet  in  order  to  minimize 
differences  in  alloy  composition,  cold  work  and  heat  treatment.  Care  was  taken  to 
assure  the  similarity  of  the  surface  condition  and  to  note  the  rolling  direction  of 
each  specimen.  Three  basic  specimen  configurations  typical  of  those  which  might  be 
encountered  in  an  actual  aircraft  were  considered.  The  first,  or  plain,  specimen 
design  incorporated  no  fasteners  or  fixtures.  The  other  two  specimen  configurations, 
however,  included  rivet  simulated  regions  with  fastener  hole  patterns  typical  of 
those  used  in  aircraft  construction.  Screw  fasteners  were  used  rather  than  rivets 
to  facilitate  examination  of  these  regions  after  failure  of  the  sample. 

Pulses  from  a 0.5  in  x 1 in  2.25  MHz  longitudinal  transducer  were  introduced  into 
the  specimens  through  a modified  mode  conversion  block  of  lucite  designed  to  generate 
shear  waves  at  45°  to  the  surface  normal.  The  mode  conversion  block  or  "wedge"  was 
coupled  to  the  specimen  with  an  ethylene  glycol  based  couplant.  This  method  of  intro- 
ducing the  ultrasound  into  the  specimen  was  necessitated  due  to  their  thin  cross  section. 

Figure  10  shows  a typical  plot  of  change  in  ultrasonic  attenuation  versus  percent 
of  fatigue  life  for  a plain  aluminum  alloy  sheet  specimen  with  its  length  parallel  to 
the  rolling  direction  of  the  sheet.  Although  the  attenuation  increased  slowly  during 
the  early  stages  of  fatigue,  no  significant  change  in  attenuation  nor  any  significant 
additional  pulses  were  observed  during  the  first  85%  of  the  fatigue  life  of  the  specimen. 
An  additional  echo  having  an  amplitude  of  0.03  V was  first  observed  at  5.75  x 105  cycles 
or  86%  of  the  fatigue  life.  At  the  same  time  the  attenuation  began  to  increase  signifi- 
cantly. The  total  fatigue  life  of  the  specimen  (100%)  was  6.69  x 105  cycles.  Similar 
data  are  shown  in  Fig.  11  for  a specimen  having  its  length  perpendicular  to  the  rolling 
direction.  The  attenuation  changed  very  little  in  the  first  83%  of  the  fatigue  life. 

It  began  to  increase  at  83%  of  the  fatigue  life  and  an  additional  pulse  was  observed  at 
approximately  84%  or  2.95  x 10^  cycles.  The  total  fatigue  life  (100%)  was  3.48  x 105 
cycles.  As  would  be  expected  due  to  the  differences  in  texture,  the  fatigue  life  of 
the  plain  specimens  whose  length  were  perpendicular  to  the  rolling  direction  were  less 
than  those  with  the  length  parallel  to  the  rolling  direction. 

It  was  found  generally  that  tnere  was  more  change  in  the  attenuation  in  the  early 
portion  of  the  fatigue  life  for  the  rivet  simulated  specimens.  Figure  12  shows  a typical 
plot  of  change  in  ultrasonic  attenuation  versus  percent  of  fatigue  life  for  a rivet 
simulated  specimen  with  screws  located  at  the  end  farthest  from  the  ultrasonic  trans- 
ducer. The  specimen  geometry  was  such  that  the  length  was  parallel  to  the  sheet  rolling 
direction.  There  was  a small  change  in  the  attenuation  during  the  initial  portion  of  the 
fatigue  life,  but  in  the  latter  portion  there  was  a much  more  rapid  increase  beginning 
at  about  91%  or  6.50  x 105  cycles;  the  total  fatigue  life  was  7.24  x 105  cycles. 

Similarly,  Fig.  13  presents  the  data  for  another  typical  rivet  simulated  specimen  having 
rivets  located  at  the  middle.  The  specimen  geometry  was  such  that  the  length  was  perpen- 
dicular to  the  sheet  rolling  direction.  At  approximately  87%  of  the  fatigue  life  the 
attenuation  began  to  change  very  rapidly;  the  total  fatigue  life  of  this  specimen  was 
3.54  x 10^  cycles. 


Numerous  investigations  which  involve  monitoring  the  acoustic  emission  resulting 
from  crack  initiation  and  propagation  during  cyclic  loading  have  been  reported  as  dis- 
cussed earlier.  The  general  observed  relation  between  a measure  of  acoustic  emission 
(e.g.  total  counts,  count  rate,  etc.,)  and  the  number  of  fatigue  cycles  is  depicted 
schematically  in  Fig.  14.  Although  different  investigators  have  related  the  acoustic 
emission  observed  during  cyclic  deformation  to  a variety  of  material  alterations,  nc 
satisfactory  explanation  of  the  mechanism  causing  fatigue  damage  resulting  in  failure 
has  been  established. 

The  extreme  sensitivity  of  both  ultrasonic  attenuation  and  acoustic  emission 
monitoring  suggest  that  the  greatest  potential  for  discerning  the  mechanisms  responsible 
for  fatigue  damage  lies  in  utilizing  these  two  techniques  to  investigate  material 
alterations  during  cyclic  loading.  In  order  to  accumulate  as  much  information  as 
possible,  Duke  and  Green (SO)  have  applied  both  monitoring  techniques  simultaneously  to 
the  same  specimen  while  it  was  subjected  to  fatigue  cycling.  In  order  to  facilitate  the 
combined  monitoring  during  fatigue  cycling  it  was  necessary  to  modify  the  basic  experi- 
mental arrangement  previously  employed.  A variable  delay  optical  trigger  was  employed 
in  order  to  synchronize  the  repetition  rate  of  the  ultrasonic  pulse  with  the  fatigue 
cycle.  Utilizing  this  procedure,  the  pulse  could  be  generated  at  any  point  in  the 
fatigue  cycle;  in  the  tests  reported  in  this  work  the  pulse  was  generated  during  the 
undeflected  portion  of  the  cycle.  The  remainder  of  the  ultrasonic  attenuation  monitoring 
system  was  essentially  the  same  as  that  used  previously.  However,  the  capability  of 
making  reliable  acoustic  emission  measurements  during  cyclic  loading  was  provided  by  use 
of  an  acoustic  emission  transducer-cable-amplifier  system  from  the  Admiralty  Marine 
Technology  Establishment.  This  system,  which  combined  a multi-shielded  Mu-metal  and 
copper  screened  cable  with  other  special  features,  has  a signal-to-noise  ratio  at  least 
three  orders  of  magnitude  better  than  conventional  acoustic  emission  monitoring  systems. 

Prismatic  specimens  of  7075  aluminum  were  tested  in  two  different  heat  treated  condi- 
tions: as-received  7075-T651  and  solution  treated.  Figure  15  shows  the  results  of  a 
typical  experiment  for  an  as-received  specimen  tested  at  a constant  vibrational  amplitude 
of  9 mm  peak-to-peak.  In  the  case  of  the  as-received  specimen  there  was  very  little  change 
in  attenuation  during  the  early  portion  of  the  fatigue  life.  At  80  percent  of  the  fatigue 
life,  however,  the  change  in  attenuation  increased  rapidly,  quickly  going  beyond  the 
sensitivity  range  monitored.  On  the  other  hand,  the  true  root  mean  square  voltage  of  the 
acoustic  emission  signal  was  observed  to  fluctuate  during  the  first  20  percent  of  the 
fatigue  life,  followed  by  a portion  in  which  it  remained  relatively  unchanged,  and  then 
at  80  percent  of  the  fatigue  life  it  increased  rapidly  with  only  minor  fluctuations  until 
failure. 

Figure  16  shows  the  results  of  a similar  experiment  for  a solution  treated  specimen 
also  tested  at  a constant  vibrational  amplitude  of  9 mm  peak-to-peak.  It  can  be  seen  that 
the  ultrasonic  attenuation  increased  slowly  from  the  start  until  at  90  percent  of  the 
fatigue  life  it  rapidly  increased  beyond  the  sensitivity  range  monitored.  The  true  root 
mean  square  voltage  of  the  acoustic  emission  signal  exhibited  a peak  before  5 percent  of 
the  fatigue  life  had  occurred.  This  initial  peak  was  followed  by  a long  period  of  no 
activity.  At  78  percent  of  the  fatigue  life  the  acoustic  emission  activity  began  to 
increase,  though  somewhat  erratically,  and  continued  to  do  so  until  failure.  Although 
both  change  of  ultrasonic  attenuation  and  acoustic  emission  increased  rapidly  prior  to 
failure  in  agreement  with  the  findings  of  previous  investigators,  acoustic  emission 
activity  was  also  observed  in  the  early  stages  of  fatigue  cycling.  The  cause  of  this 
early  emission  requires  further  investigation  before  its  importance  relative  to  fatigue 
damage  car.  be  properly  assessed. 

Thus,  it  is  clear  that  body  wave  and  surface  wave  reflection  techniques  are  inferior 
to  ultrasonic  attenuation  and  acoustic  emission  techniques  for  the  early  detection  of 
fatigue  damage,  since  both  reflection  techniques  require  that  an  appreciable  fraction 
of  the  available  ultrasonic  energy  be  reflected  from  a crack  of  sufficient  size  and 
correct  orientation  in  order  to  be  detected.  Ultrasonic  attenuation  and  acoustic  emis- 
sion techniques  can  easily  detect  microcrack  formation,  and  the  more  sensitive  systems 
can  even  detect  motion  and  pile-up  of  dislocations  prior  to  microcrack  formation. 

OTHER  METHODS 

In  addition  to  the  primary  techniques  already  discussed,  other  non-destructive  test 
methods  have  been  U3ed  with  varying  degrees  of  success  to  detect  fatigue  damage.  Magnetic 
techniques  for  crack  detection  are  useful,  but  relatively  insensitive,  and  are  limited  to 
detection  of  surface  cracks  in  ferromagnetic  materials. (26,153)  Due  to  the  current  applica- 
tion of  fracture  mechanics  concepts  to  aircraft  design,  considerable  effort  has  been 
expended  in  attempting  to  non-destructively  make  quantitative  measurement  of  flaws. 

Although  progress  has  been  made  in  developing  a better  fundamental  understanding  of  ultra- 
sonic wave  scattering  and  spectroscopic  analysis, (102)  neither  of  these  techniques  has 
progressed  to  the  point  where  it  can  be  used  to  reliably  detect  fatigue  damage.  Ultrasonic 
second  harmonic  measurements  as  proposed  by  Yermilin  et  al. (154)  and  Buck  and  colleagues 
(155,156)  have  met  with  some  success.  Batra  et  al. (157)  have  demonstrated  that  ultrasonic 
Doppler-shif t techniques  can  be  used  for  detecting  and  sizing  radial  cracks.  Most  recently 
Buck  and  Alers(158)  presented  a review  of  new  techniques  for  detection  and  monitoring  of 
fatigue  damage  in  which  they  discussed,  in  addition  to  the  methods  already  mentioned, 
holographic  interferometry,  photostimulated  exo-electron  emission,  and  positron 
annihilation. 


RESIDUAL  STRESS  (STRAIN)  MEASUREMENTS 


As  mentioned  in  the  INTRODUCTION,  the  most  senritive  systems  for  early  detection  of 
fatigue  damage  would  be  capable  of  detecting  motion  and  pile-up  of  dislocations.  Since 
such  pile-ups  would  lead  to  regions  of  severe  residual  stress  (strain)  prior  to  micro- 
crack formation,  all  non-destructive  techniques  for  residual  stress  (strain)  measurements 
are  potential  techniques  for  extremely  early  detection  of  fatigue  damage.  The  methods 
currently  being  used  or  under  development  for  non-destructive  residual  stress  (strain) 
measurements  may  be  broadly  grouped  into  four  categories:  x-ray  diffraction  methods, 
ultrasonic  methods,  electromagnetic  methods,  and  solid  state  physics  methods. 

The  x-ray  diffraction  method  consists  primarily  of  measuring  the  stress  induced  shift 
in  the  peaks  of  the  angular  distribution  of  the  intensity  of  x-rays  diffracted  from 
various  lattice  planes  of  crystalline  materials  (line  shifts) . The  peak  shifts  can  be 
directly  related  through  Bragg’s  Law  to  changes  in  the  spacing  between  the  planes  of  the 
crystal  lattice.  A secondary  effect  of  residual  stresses  is  to  cause  broadening 
of  the  intensity  angular  distribution  (line  broadening) . Although  the  x-ray  diffraction 
method  is  the  non-destructive  technique  most  often  used  in  actual  practice  to  measure 
residual  stress,  it  is  not  optimally  suited  for  many  applications  partially  because  the 
necessary  equipment  is  heavy  and  bulky,  and,  more  importantly,  it  suffers  from  the  fact 
that  it  only  serves  to  determine  the  state  of  stress  in  a surface  layer  of  a material, 
while  in  many  practical  cases  a knowledge  of  the  bulk  stresses  is  desired.  A very 
important  advantage  of  the  x-ray  diffraction  method,  however,  is  that  the  lattice  strain 
in  the  stressed  material  can  be  measured  without  prior  knowledge  of  the  value  in  the 
unstressed  state  by  making  two  measurements  at  different  angles  of  incidence  of  the  x-ray 
beam. 


Ultrasonic  methods  depend  on  the  fact  that  nonlinear  elastic  behavior  is  induced  in 
an  otherwise  linear  elastic  solid  due  to  the  presence  of  a residual  stress.  Most  ultra- 
sonic measurements  of  residual  stress  have  been  based  on  stress-induced  acoustical 
birefringence  of  an  isotropic  solid.  When  transverse  waves  are  propagated  through  an 
isotropic  solid  at  right  angles  to  the  direction  of  applied  stress,  the  transverse  wave 
with  particle  displacement  parallel  to  the  direction  of  applied  stress  propagates  with 
a faster  velocity  than  the  transverse  wave  with  particle  displacement  perpendicular  to 
the  direction  of  the  applied  stress.  Other  features  of  nonlinear  elastic  wave  propagation 
such  as  harmonic  generation,  temperature  dependence  of  ultrasonic  velocity,  or  ultrasonic 
dispersion  have  been  proposed  for  residual  stress  determinations.  The  major  difficulty 
associated  with  reliable  ultrasonic  residual  stress  measurement  is  that  the  change  in 
elastic  wave  velocities  in  solid  materials  due  to  residual  stress  is  small  and  other 
factors  which  can  cause  greater  velocity  changes  may  mask  residual  stress  effects.  The 
fact  that  ultrasonic  techniques  offer  the  possibility  of  measuring  bulk  residual  stresses 
in  thick  sections  of  materials  can  also  lead  to  problems,  since  the  same  section  of  a 
material  may  contain  both  compressive  and  tensile  stresses  whose  effects  integrated  over 
the  path  of  the  ultrasonic  wave  will  cancel. 

Electromagnetic  methods  are  based  on  stress-induced  changes  in  electrical  conducti- 
vity, magnetic  permeability,  magnetostriction,  coercive  force,  retentivity,  and 
saturation  induction.  The  method  which  has  drawn  most  attention  to  date  is  Barkhausen 
noise  analysis.  The  use  of  Barkhausen  noise  to  measure  residual  stress  is  based  on  the 
fact  that  the  size,  shape,  and  orientation  of  magnetic  domains  changes  rapidly  during 
magnetization  of  ferromagnetic  materials  inducing  noiselike  voltage  pulses  in  a coil 
inductively  coupled  to  the  specimen.  This  noise  is  a function  of  the  residual  stress 
state  in  the  ferromagnetic  material.  Other  methods  include  eddy  current  testing, 
variable  frequency  permeability  measurements,  measurement  of  the  amplitude  of  electro- 
magnetically  generated  ultrasonic  waves,  and  direct  alternating  current .measurement  of 
coercive  force,  retentivity,  saturation  induction,  and  magnetostriction.  The  major 
problem  associated  with  electromagnetic  measurement  of  residual  stress  is  that  the 
various  electrical  and  magnetic  properties  are  sensitive  to  other  material  properties., 
such  as  composition,  homogeneity,  and  texture,  as  well  as  stress.  Moreover,  a number 
of  the  proposed  methods  are  limited  to  ferromagnetic  materials. 

Most  of  the  solid  state  physics  methods  proposed  for  measuring  residual  stress  may 
be  grouped  under  the  category  of  nuclear  hyperfine  effects.  These  methods  depend  upon 
the  strain  dependence  rf  the  coupling  between  nuclear  magnetic  moments  and  the  surround- 
ing atomic  lattice.  Some  of  these  methods  involve  only  the  nuclear  ground  state,  while 
others  involve  the  excited  states.  Of  all  these  methods,  the  Mossbauer  effect  has  been 
most  extensively  directed  at  residual  stress  measurement  although  limited  to  alloys 
containing  iron-57  nuclei.  Other  proposed  methods  include  electromagnetic  nuclear 
magnetic  and  quadrupole  resonance,  acoustic  nuclear  magnetic  and  quadrupole  resonance, 
ferromagnetic  nuclear  magnetic  resonance,  perturbed  angular  correlation,  nuclear  magnetic 
resonance  diffraction  ( zeugma tography ) , lithium  nuclear  microprobe,  and  piezoelectricity. 
Most  of  these  techniques  have  been  limited  to  research  laboratories  and  require  complex, 
bulky  equipment  and  highly  skilled  operators.  Some  techniques  require  a large  homogeneous 
magnetic  field,  while  others  require  that  the  specimen  fit  inside  an  encircling  coil. 
Several  only  work  with  ferromagnetic  or  radioactive  materials,  while  in  other  cases 
ferromagnetic  impurities  interfere  with  resting  of  nonmagnetic  materials.  Two  of  the 
techniques  require  a transducer  mechanically  coupled  to  the  specimen,  one  requires  the 
presence  of  interstitial  hydrogen,  and  another  requires  the  presence  of  permanent 
electric  dipoles  in  the  specimen. 


An  excellent  reference  for  obtaining  more  detailed  information  about  all  of  the 
above  mentioned  methods  for  nondestruction  evaluation  of  residual  stress  is  the  pro- 
ceedings of  a workshop  held  on  this  subject  in  1975. (1S9) 

CONCLUSIONS 

1.  At  the  present  time,  the  best  non-destructive  techniques  for  detection  and  possible 
sizing  of  fatigue  macrocracks  are  ultrasonics,  eddy  current,  penetrant,  and 
radiography,  in  order  of  decreasing  sensitivity. 

2.  The  best  non-destructive  techniques  for  detection  of  microcrack  formation  and 
possibly  pre-microcrack  fatigue  damage  are  ultrasonic  attenuation  and  acoustic 
emission. 

3.  A large  number  of  non-destructive  techniques  for  residual  stress  (strain! 
measurements  are  candidates  for  extremely  early  fatigue  damage  detection. 

In  order  to  transfer  some  of  the  techniques  from  the  research  laboratory  to  a field 
testing  situation,  the  research  worker  must  be  better  informed  as  to  specific  aircraft 
problems  and  the  field  inspector  must  be  more  willing  to  try  new  techniques.  In  the 
opinion  of  the  present  author,  this  communication-cooperation  gap  is  the  biggest  obstacle 
to  rapid  progress  in  practical  implementation  of  improved  non-destructive  methods  for 
the  early  detection  of  fatigue  damage  in  aircraft  components. 
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Fig.  1.  Crack  detection  probability  of  the  x-radiographic  inspection  method 
(after  Hummel  et  aJ.(l)). 

upper  row:  as  a function  of  actual  crack  length 
lower  row:  as  a function  of  actual  crack  depth 
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Fig.  2.  Crack  detection  probability  of  the  penetrant  inspection  method 
(after  Rummel  et  al.(l)]. 

upper  row:  as  a function  of  actual  crack  length 
lower  row:  as  a function  of  actual  crack  depth 
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3.  Crack  detection  probability  of  the  eddy  current  inspection  method 
(after  Rummel  et  al. (1) ] . 

upper  row:  as  a function  of  actual  crack  length 
lower  row:  as  a function  of  actual  crack  depth 
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4.  Crack  detection  probability  of  the  ultrasonic  inspection  method 
(after  Rummel  et  al.(l)]. 

upper  row:  as  a function  of  actual  crack  length 
lower  row:  as  a function  of  actual  crack  depth 
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Fig.  5.  Typical  plot  of  ultrasonic  attenuation  versus  number  of 
fatigue  cycles  for  aluminum 
[after  Joshi  and  Green(42)}. 
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Fig.  S.  Summary  of  experimental  results  obtained  with  aluminum  specimens 
[after  Joshi  and  Green{42)]. 


Maximum  Fiber  Stress  or  { Units  of  I04psi) 


Time  (Units  of  Hours) 


Fig.  7.  Typical  plot  of  ultrasonic  attenuation  versus  number  of  fatigue 
cycles  for  steel  [after  Joshi  and  Green(42)]. 
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Fig.  8. 


Summary  of  experimental  results  obtained  with  steel  specimens 
(after  Joshi  and  Green (42)]. 
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Fig.  9.  Ultrasonic  attenuation  versus  number  of  fatigue  cycles  for  an 
aluminum  specimen  containing  an  induced  latent  defect 
(after  Panowicz (46) ] . 
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Pig.  10.  Typical  plot  of  change  in  ultrasonic  attenuation  versus  percent  of 
fatigue  life  for  plain  aluminum  alloy  sheet,  rolling  direction 
parallel  to  specimen  length  (after  Mignogna  et  al.(49)J. 
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Fig.  11.  Typical  plot  of  change  in  ultrasonic  attenuation  versus  percent  of 
fatigue  life  for  plain  aluminum  alloy  sheet,  rolling  direction 
perpendicular  to  specimen  length  [after  Mignogna  et  al.(49)). 
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Fig.  12.  Typical  plot  of  change  in  ultrasonic  attenuation  versus  percent  of 

fatigue  life  for  aluminum  alloy  sheet,  rolling  direction  parallel  to 
specimen  length,  screws  at  end  [after  Mignogna  et  al.(49)]. 
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Fig.  13.  Typicai  plot  of  change  in  ultrasonic  attenuation  versus  percent  of 

fatigue  life  for  aluminum  alloy  sheet,  rolling  direction  perpendicular 
to  specimen  length,  screws  at  end  [after  Mignogna  et  al.(49)]. 
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Fig.  14.  Schematic  plot  of  acoustic  emission  versus  number  of  fatigue  cycles 
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rig.  15.  Typical  plot  of  change  in  ultrasonic  attenuation  and  true  root  mean  square 
voltage  of  acoustic  emission  versus  fatigue  life  for  as-received 
7075-T651  aluminum  [after  Duke  and  Green (50)]. 
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rig.  16.  Typical  plot  of  change  in  ultrasonic  attenuation  and  true  root  mean 
square  voltage  of  acoustic  emission  versus  fatigue  life  for  solution 
treated  7075  aluminum  [after  Duke  and  Green(50)]. 
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ABSTRACT 


Tht  lecture  la  mainly  devoted  to  dlacueeloa  of  Aeouetic  Emission  (A.E.)  applicability 
to  Non-Dos  true tiv*  Inspection  particularly  to  voiding  control. 

A gonoral  presentation  of  the  technique  esphasisos  instrumentation  and  signal  processing 
aspects.  Interest  is  devoted  to  epeeifie  Methods  1 localisation,  epatial  and  temporal  discri- 
mination. . . 

Application  of  A.E.  to  voiding  control  ia  revieved.  Advantages  (sensitivity,  real  tisie 
■onitorlng  of  crack  formation,  localisation  of  emissive  sites...)  hut  also  difficulties 
(environmental  conditions,  material  influence,  interpretation  of  signals...)  are  discussed. 

Experimental  vork  performed  to  check  feasibility  of  applying  this  control  to  B.B. 

Welding  of  Gas  Turbine  Components  is  detailed.  Emissive  behaviour  of  various  materials  is 
considered  referring  to  their  crack  susceptibility.  It  concerns  annealed  steel  (grad*  XC  80), 
stainless  steel  (grades  Z10  CNT  18  and  Z12  CND  V12),  titanium  alloy  (TA6V),  Inconel  718 
(grad*  NC  19  FeNb).  Results  of  tests  conducted  on  linear  and  circular  velds  of  specimens  and 
real  components  are  presented  end  discussed.  Finally,  the  practical  problems  involved  in 
industrial  application  are  considered. 


1/  PRESENTATION  GENERALE  DE  L'EHISSION  AC  OUST  I PITS 

L'dmission  acoustique  (E.A.)  consiate  en  la  liberation  d'dnergi*  mdconique  sous  forme 
d'ondes  dlastiques  tranaitoiree.  Ell*  accompagne  en  particulier  toot*  variation  locale  rapid* 
d*  l'dtat  de  deformation  d'un  aatdriau  soumis  a cont, aintes • 

Dans  la  pratique,  elle  englobe  lee  phdnomene*  suivants  : 

. Deformation  plastique  t mouvement  dea  dislocations,  bandes  d*  Lttders,  effet 
Port*vin-L*  Chatelier  { 

. Rupture  : initiation  et  propagation  d*  fissures,  fatigue,  corrosion,  corrosion  sous  tension  ( 
. Transformation  aartensitique  | 

. En  milieu  fluids  1 ebullition  et  cavitation. 

L'dmission  acoustique  suacite,  pour  des  raisons  dvidentes,  1'intdrAt  de*  service*  industrials 
d*  eontrSle.  Par  rapport  aux  autres  mdtbodes  d*  contrSle  non  destructlf,  ell*  prdsent*  cependant 
certain*  traits  distinctifs  1 

. Ell*  est  d'une  extreme  senaibilitd  puisque  la  limits  infdrieur*  actuelle  de  ddtectlon  des 
capteurs  eat  de  l'ordre  de  10  1 2 J.  On  a aiosi  constatd  l'aptitude  A ddceler  des  micro- 
criques  de  l'ordre  de  10  3 mm2.  En  contrepartie  - e posent  des  problAmes  delicats  de  sensi- 
bilitd  A 1 'ambiance  industrielle  et  de  fiabilitd  ; 

. Centralrement  aux  autres  ndthodes  de  CND  ce  n'eat  pa*  une  mdthode  d'imagerie  male  une  m d- 
thode  d*  ddtectlon  en  temps  rdel  des  dvolutlon*.  La  principal*  difficultd  est  l'interprd- 
tation  correct*  de  1 ' inf onsa tion  perque.  A aoyen  terms  on  pens*  toutefois  qne  l'Bsiasion 
Acoustique  engendrera  de  nouvellea  methodes  devaluation  de  la  nocivitd  des  ddfaut*  et 
d*  prdvision  de  rupture  ; 

. La  propagation  des  ondes  n'impose  pas  1 ' interaction  direct*  du  capteur  avec  1*  ddfaut.  Pour 
dea  raisons  d'accessibili td,  d'dtat  de  surface,  d*  temperature,  c*  pent  Itre  une  commoditd 
pour  l'opdrateur.  Cela  permet  sertout  la  localisation  du  sit*  dmissif  par  des  mdtbodes  d* 
triaogulation  j 

. On  rencontre  une  extreme  diversitd  dans  les  comportements  dmissif*.  L'dnergi*  ddtectde  est 
notamment  ifluencde  par  la  aicrostructure  et  les  propridtds  mdesnique*  du  matdrlau,  la 
Vitesse  de  sollicitation,  les  conditions  physiques  de  l’essal,  etc...  En  simplifiant 
grossidrement,  les  structures  hdtdrogdnes,  lea  mdcanisme*  de  type  fragile,  les  earsetdris- 
tiques  mecaniquea  dlevdes  sont  trds  favorable*.  A 1 ’autre  extrtme  1*  comportement  trds 
ductile  de  certains  sciers  d'usage  courant  peut  parfois  poser  des  probleme*  d*  ddtectlon. 

En  regie  gdndrale  1 'uti 1 i sateur  devra  toujours  prendre  cet  aspect  en  consideration  pour 
la  faisabilitd  de  la  mdthode. 


/ 


II/  ASPECTS  EXPERIMENTAL 
11.1/  G^n^ralit^a 


La  synoptique  d'une  chatne  demission  acoustique  eat  ach^matia^  figure  1.  Lea  fonctions 
auivantes  aont  repreaeot^e*  s 

• Detection  - Ella  eat  coanran^Ment  realis^e  par  un  capteur  piezo£lectrique  r^aonnant  dont  la 
frequence  nominale  eat  de  l'ordre  de  10s  - 10°  Hz  ; 

• Amplification  - B.lle  eat  de  l’ordre  de  60  k 100  dB  pour  amener  lea  pV  ou  mV  delivr^a  par 

la  capteur  k un  niveau  exploitable*  En  sortie  du  capteur  le  preamplif icateur  joue  un  rBle  supple- 
mental™ d'adaptation  dea  impedances  ; 

• Pil trage  - L' elimination  des  bruits  parasites  lies  k 1 ' environnenent  mecanique  ou  acoustique 
eat  realises  par  un  filtrage  pasae-haut  dont  la  frequence  de  coupure  eat  au  moina  egale  k %0  kHz  ; 

• Trai tamer t - La  methods  la  plua  couramment  adoptee  dans  lea  chalnes  actuellement  commercia- 
liaeea  eat  un  comptage  du  nonbre  d'arches  du  signal  depaaaant  un  seuil  regie  au  desaua  du  bruit 
de  fond.  Le  comptage  pent  Itre  cumule  ou  relatif  k une  base  de  temps  (taux  demission  acousti- 
que). On  diacutera  plua  loin  dea  limites  de  cette  methods  et  de  celles  qu'il  eat  egalement 
possible  de  mettre  en  oeuvre. 

La  conception  d’une  telle  chatne  est  eaaentiel lament  lies  aux  particular! tea  du  signal 
d' emission  acoustique. 

Lea  energies  mecaniques  mises  en  jeu  dans  la  deformation  plaatique  et  la  rupture  attendant 
de  10  14  J (mouvement  acceiere  de  dislocations)  k 10  8 J (empilement  de  dislocations  - rupture 
d'un  grain)  voire  10  J (rupture  macroscopique) • De  plus,  aelon  lea  materiaux,  des  phenomknes 
semblables  se  carac terisen t par  des  energies  tree  differentes.  Nous  avons  ainsi  mia  en  evidence 
des  ecarta  de  A0  dB  entre  acier  maraging  et  acier  inox  lors  de  la  progression  stable  d'une  fis- 
sure [l].  La  methods  a done  dea  exigences  particulieres  en  ce  qui  concerns  la  aenaibilite  du 
detecteur  et  la  dynamique  de  1 * elec tronique  associee. 

On  a propose  divers  ’aodkles  physiques,  aussi  r^alistes  qu'on  voudra,  des  mecaniames  gene- 
rateurs  d' emission  acoustique.  Leur  transformee  de  Fourier  conduit  toujours  k dea  apectrea 
large  bande  dont  l'etendue  est  groaso-modo  egale  k 1' inverse  du  temps  de  production  de  l'evkne- 
ment  initial.  Ceci  eat  conforms  k 1 'experience  qui  detecte  l1 emission  acoustique  du  domains 
audible  jusqu'k  plusieura  dizainea  de  MHz. 

En  definitive,  la  methods  n'est  devenue  reellement  applicable  en  milieu  industrial  que  par 
le  choix  de  capteurs  de  frequence  **  105  - 10°  Hz  et  par  adoption  du  filtrage  passe-haut.  Les 
premiers  prelkvent  seulement  une  fraction  de  la  densite  spectrale  energetique  mais  permettent 
d'en  auivre  1* evolution.  Le  second  elimine  le  domains  dea  basses  frequences  ou  le  bruit  d'ori- 
gine  industrial le  predomine. 

11.2/  Detection 

L'eiement  cle  de  la  chatne  ins trumen tal e est  le  capteur.  Les  ceramiques  pi ezoeiec triques 
aont  seulea  susceptible*  de  detecter  des  deplacements  de  l'ordre  de  10”2  X [2].  En  contrepartie 
leur  seiectivite  spectrale  eat  aevkre  car  les  coefficients  de  surtenaion  sont  de  l’ordre  de 
101  - 102.  La  frequence  nominale  du  capteur  est  essentiel lement  definie  par  sa  geometric.  Pour 
les  fabrications  usuelles  on  utilise  le  P.Z.T.  (Ti tano-zi rcona te  de  plomb)  dont  le  Point  de 
Curie  (370#C)  et  les  constantes  piezoelec triques  (ggj  **  10~2  V/m/N/m2  ; k 0,7)  sont  parmi  les 
plua  sieves.  A haute  temperature  on  peut  faire  appel  au  niobiate  de  lithium  dont  le  Point  de 
Curie  est  k 1.210#C  mais  qui  est  moins  sensible  et  tr&s  onereux. 

Les  capteurs  r£sonnants  ont  une  sensibility  de  l'ordre  de  - 75  dB  re  1 V/pbar.  On  peut, 
par  adaptation  mecanique  ou  llectronique , aboutir  k des  capteurs  piezoelec triques  "large  bande" 
mais  avec  des  pertes  de  sensibility  voisines  de  15  dB.  L'utilisation  de  capteurs  capacitifs  [3]> 
de  l'effet  yiectret[A],  de  capteurs  elec tromagnetiques  [5]  conduit  ef f ectivement  k dea  recep- 
teurs  large  bande  mala  moins  senaibles  d'au  minimum  30  dB. 

L'ytalonnage  des  capteurs  necessite  un  rapide  effort  d'unif ication  et  de  normalisation. 

Lea  mythodes  utilisees  sont  en  effet  de  trois  ordres  [6]  : 

• Caractyrisation  intrinskque  de  l'yiyment  sensible  (mythodes  de  1'IRE  - methodes  impul- 

sionnelles)  j 

• Mythodes  comparatives  (ryciprocity  - jet  d'hyiium)  j 

. Sources  standard  d' emission  acoustique  (laser  - genyrateur  piezoelec trique  d' impulsions  - 

ytincelles  - cassure  d'un  capillaire  de  verre  ou  d'un  stylet  fragile). 

11*3/  Trai tenant  du  signal 

Les  mythodes  de  traitement  numerique  aont  l'avenir  mais  posent  encore,  en  raison  des  fry- 
quences  considyrees,  des  problkmes  d ’ echanti 1 1 onnage  et  surtont  de  capacity  de  stockage. 

Le  comptage,  hyrite  des  techniques  nucleaires,  souffre  d' inconvenients  majeurs  qui  a notre 
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avis  justi f ierai ant  son  abandon,  II  eat  on  effet  tributalre  da  pa  rami tree  experlmen taux  tel*  que 
frequence,  aeuil  du  discriminatour,  amortisaement  du  capteur.  II  introduit  one  ponders tlon  defa- 
vorabla  am  aignaux  Inergetiques , II  na  rend  paa  compte  expliciteaent  de  la  repartition  dea  aa- 
plitndaa.  Par  deaaua  tout,  le  coaptage  ne  peut  ttra  aaaocie  It  aucuna  grandeur  da  reference. 

Una  approeba  energltiqua  aat  phyaiquement  plus  aeduiaante.  On  paut  procedar  par  integration 
analogique  ou  nuaerique  daa  aignaux  iapulaifa  deiivrea  par  la  captaur,  par  aaaura  de  la  BMS  dea 
aignaux  continue.  C ea  aeauraa  definissent  an  realite  la  denaite  apectrale  Inergetique  an  voiai- 
naga  da  la  resonance  principala  du  capteur.  Par  etalonnage  on  paut  aaperar  reaonter  a l'enargie 
aecanique  realleaant  llbere*. 

L'approcha  energetique  peraet  d'obtenir  cartaina  reaultata  aaaquea  lore  d'une  approebe 
par  coaptage  et  peraet  an  particuliar  la  diatinction  entre  phenoatnes  da  plaaticite  at  rupture  [7j . 

L'analyae  apectrale  fait  1'hypothAse  que  lea  dureea  da  cartaina  procaaaua  aont  differentea 
at/ou  pauvent  evoluer.  C a traiteaent  presents  de  grandee  difficulty*  en  raison  du  filtrage  opere 
par  l'enseable  structure-cupteur  et  de  la  non-atationnarite  du  signal,  Dans  la  litterature  lea 
reaultata  d'ordra  pratique  aont  dor.c  raraa.  Pour  cartaina  aciars  on  a toutefoia  ldentifie  dea 
carac teri a tiques  apactrales  da  deformation  plaatiqua  at  de  rupture  differentea  [8]  [9_j  - 

L'analyae  atatiatique  eat  une  dea  methodea  lea  plus  prometteuaea . L'analyae  d'aaplitude 
peraet  par  exempts  de  caracteriaer  lea  processus  de  rupture  dea  materiaux  composites,  d'iden- 
tifiar  daa  phases  differentea  dans  1 ' acheminement  a rupture  d' eprouvettaa  metalliquea  [lo]. 

Pour  notre  part  noua  avona  mis  au  point  une  metbode  extrtmement  puiaaanta  da  traiteaent  ata- 
tistiqua  male  ausai  chronologique  ou  paraaetrique  dea  informations  contenuas  dans  cheque  evAne- 
aant  d'emission  acoustiqus  t amplitude  maxiaale,  Anergic,  durea,  tamps  da  montee,  intervalle 
antra  aignaux  [llj.  II  constitue  a notre  connaiaaance  un  dea  instruments  lea  plus  avances 
actuellement  pour  traitor  lea  problAmea  industrials  d'emiaaion  acouatique. 

11.%/  Localisation 

La  localisation  eat  simple  dans  son  principe.  Dea  capteurs  rdpartie  aur  la  structure 
peraettent  da  mesurer  lea  differences  da  temps  d'arrivAe  Atn  dea  aignaux  provenant  de  la  sour- 
ce {missies.  Das  methodea  generalea  de  triangulation  hyperbollque  ou  daa  algorithmea  plus 
aimplas,  particuliers  It  cartainas  mollies  (par  exemple  triangle  equilateral  centre  ou  loaange)> 
peraettent  da  calculer  les  coordonnAes  da  la  source. 

La  localisation  aoua  forma  simplifies  eat  un  moyen  d'analyse  at  da  contrSle  extrSmament 
fructuaux.  Sa  miae  an  oeuvre  % l'Achelle  dea  structures  induatriellea  (capacity*  % preasion 
lore  da  1 '{pranas  hydraulique  par  example)  pose  par  contre  de  nombreux  problAmea  mathematiquea 
at  physiques  dont  nous  avona  fait  la  revue  par  ailleura  [l2j.  C'eat  une  metbode  "lourde"  car 
alia  ndcaasita  un  nonbre  AlevA  de  voles  de  aeaure,  leur  gastion  par  miniordinateur , un  personnel 
avarti. 

Bn  localisation,  1' importance  daa  problAmea  poses  par  la  natnre  du  matlrlau  tient  % la 
mat  tries, encore  imparfaite  % 1 'heure  aeiuelle,  de  la  detection  d'une  progression  ductile  stable 
da  fissure.  Or  la  plupart  dea  aciera  industrials  courants  aont  ductiles  at  prlaentent  dans 
cartaina  caa  un  couportement  defavorable  It  l'uaaga  de  la  methods.  Da  plus  il  n'y  a pas  nAceaaaire- 
mant  da  lien  etroit  entre  emiaaivite  at  nocivite  d'un  defaut. 


La  propagation  a'effectua  generalamant  aoua  forma  d'ondaa  de  LAMB.  Les  compoaantea  longitu- 
dinalaa  et  transvarsalea  du  mouvement  y aont  coupiees.  Comae  lea  ondes  da  LAMB  aont  dispersivea, 
eala  aa  traduit  par  une  pluralite  dea  modes  et  par  la  dependence  dea  vttesses  de  propagation  et 
daa  amortiasements  du  produit  frequence  (du  capteur)  x epaisseur  (da  la  structure). 

Qualls  que  aoit  la  aaille  adoptee  dea  considerations  geometriquea  [l2]  montrent  que  la 
precision  da  localisation  n'eat  paa  bomogAne.  Ells  depend  fortemeni  da  la  position  relative  de 
la  source  comma  on  la  volt  figure  2. 


11.3/  Methodea  partlcullArea 

L'affat  KAISEB  met  an  evidence  la  caractAre  irreversible  das  phenomenon  generataura  d'emia- 
aion acouatique.  Si  l'on  charge,  dAcbarge  at  recharge  de  nouveau  une  structure,  celle-ci  n'emet 
paa  tant  qua  l'on  n'a  paa  depaaae  la  niveau  precedent.  L'effet  KAISEB  a'applique  en  principe  A la 
deformation  plaatiqua  mais  on  paut  l'utilisar  pour  verifier  la  progression  d'une  fissure  entre 
deux  miaes  en  charge  atatiquea.  II  aat  par  suite  possible  d'utiliaer  ca  phenomena  pour  determi- 
ner las  depaaaamants  da  contrainta  ou  la  croiaaance  d'un  endommagement. 

Pour  auraonter  las  probli»es  pos{*  par  1 ' environnement  mecanique  ou  eiactromagnetiqua, 
•eparer  les  aignaux  util  ,a  aignaux  provenant  de  sources  concurrentes , das  techniques  particu- 
litres  ont  ete  devaloppees  I discrimination  en  frequence,  en  amplitude,  temporalis,  spatiale. 

La  discrimination  de  frequence  est  aystematiquement  utilises  pour  Aliainer  les  phenomAnes 
vibratolres  ou  mecaniques.  Ella  peut  ausai  diatinguer  les  processus  da  rupture  dea  composites. 


La  discrimination  d'aaplitude 
ner  le  bruit  de  fond  {1 ec tronique . 
veaux  d'aaplitude  a ete  utilise  au 
provenant  da  la  formation  du  noyau 


eat  operea  dans  toute  chatne  demission  acouatique  pour  Alimi- 
Plua  concrAtement  le  tri  dea  aignaux  par  rapport  A deux  ni- 
contrBle  dea  aoudures  par  points.  On  sdpare  ainai  lea  aignaux 
de  caux  provenant  de  1' expulsion  du  aateriau  an  fusion. 
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La  discrimination  temporal le  est  utilia^e  lore  d'essai*  cycliques  pour  axclur®  lea  phase* 
oil  le  rapport  signal/bruit  eat  defavorable.  Be  m$me  dans  un  processus  de  soudage  sequential  des 
"fenStras”  peuvent  isoler  telle  phase  utile.  La  duree  du  signal  peut  auaai  servir  k son  identi- 
fication. 

La  discrimination  spatiale  peraet  de  ne  prendre  en  coapte  que  dea  signaux  provenant  d'une 
aire  donn^e.  Lea  systiaes  "mal tre-eac lave"  valident  les  signaux  aelon  I’ordre  d'arrivee.  Lea 
rndthodes  par  coincidence,  imposent  aui  signaux  un  d^calage  dans  le  teapa  predetermine.  Pour 
yiiminer  les  signaux  provenant  de  sources  lointaines  on  peut  utiliser  une  discrimination  aelon 
le  temps  de  montee.  Les  syst^mes  de  localisation  mul ti-capteurs  aont  evidemment  equipea  de  sys- 
tems* d'exclusion  spatiale  aoit  par  le  materiel,  aoit  par  le  logiciel.  Des  excmples  particulife- 
rement  spec taculaires  d'utilisation  de  cea  techniques  de  discrimination  sont  donnes  en  [13] 
(soudage  de  tuyauteries  nucleaires),  [l4]  [15]  (detection  de  fissures  de  fatigue  dans  un  envi- 
ronnement  aeronautique  particul ie remen t severe).  Soulignons  enfin  que  1 'adoption  de  m^thodes 
de  traitement  numerique  accrolt  cons iderablement  les  possibility*  d ' identification  et  de  dis- 
crimination dea  signaux. 

Ill/  APPLICATION  DE  IAEMISSION  ACOUSTIQUE  AU  CONTROLE  NON  DESTRUCTIF 

L'uti lisateur  potential  eapfcre  tirer  profit  de  la  methode  principalement  pour  les  raisons 
suivantes  t 

• Sensibility  de  dytection  des  defauts  et  anomalies  ; 

• Transmisaibili ty  dea  ondes  et  possibility  de  localisation  ; 

« Aptitude  k deceler  les  evolutions  A l'aide  de  procedures  simples  : effet  RAISES,  inspection 

par  surcharge  periodique. . . ; 

• Accfes  k des  informations  eventuellement  signif icatives  du  caractfcre  critique  du  defaut  ; 

• Possibility*  extrdmement  impcrtantes  offertes  par  le  traitement  du  signal. 

En  contrepartie  il  doit  tenir  compte  des  sujytions  et  limitations  suivantes  : 

• Necessity  de  solliciter  la  pifcce  en  realisant  un  champ  de  contraintes  proche  de  la  ryalite  ; 

. Sensibility  aux  bruits  et  parasites  ; 

• Dependnnce  de  l'ymissivity  envers  le  materiau,  le  mode  de  fabrication,  la  nature  du  defaut, 

etc...  ; 

• Complexity,  dans  certains  cas,  de  1 * interpretation  de  1 * inf ormation  perque  ; 

• Cofit  elevy  du  materiel  et  recours  a un  personnel  qualifie. 

Avant  de  nous  attacher  plus  particuli^ rement  au  soudage  nous  allons  passer  brievement  en 
revue  certains  types  de  contrdles  pouvant  concerner  1 * aeronautique . 

III.l/  Contrftle  de  fin  de  fabrication 

II  repose  sur  un  principe  simple  : toute  piece  defectueuse  emettra  lorsqu’elle  sera  sollici- 
tye  tandis  qu'une  pifece  saine  restera  silencieuse.  II  est  alora  possible  de  concevoir  des  proce- 
dures industriel les  d ' accepts tion  ou  rejet.  Le  C.E.T.I.M.  a applique  avec  succfes  un  tel  contrdle 
base  sur  l'emissivite  dea  pieces  defectueuses  a la  detection  des  tapures  de  trempe  de  barres  de 
devers  (figure  3)*  & 1®  detection  de  fissures  dans  des  chapes  de  frein... 

II  est  possible  que  les  methodes  basees  sur  l'emissivite  soient  insuf f isantes • On  peut  alors 
faire  appel  a des  procedures  de  traitement  plus  elaborees.  Ainsi,  par  exemple,  la  repartition 
statistique  des  amplitudes  a permis  de  distinguer  (figure  k)  des  assemblages  soudes  correc tement 
d 'assemblages  defectueux. 

Souvent  aussi,  1 'appoint  de  la  localisation  est  nycessaire  pour  authentifier  la  prysence  d'un 

dyfaut. 

111.2/  Contr&le  des  materiaux  speciaux  : Composites  - Ceramiaues 

Les  ytudes  de  faisability  concernant  ce  type  de  contrdle  connaissent  actuellement  un  deve- 
loppement  impetueux. 

Tous  les  composites  renforces  par  dispersion,  particules  ou  fibres sont  concernes.  Les  meca- 
nismes  de  dyf ormation  plastique  ou  rupture  de  la  ma trice,  de  deformation  ou  rupture  de  1' element 
renf orgateur , de  delamination  a 1 'interface  de  deux  phases  sont  ymetteurs.  Toutefois  les  emissions 
predominantes  sont  observyes  a la  rupture  des  fibres  de  renforcement  (whiskers,  verre,  metal, 
polymfere,  ceramique).  La  proportion  de  fibres  rompues  peut  fctre  etablie  en  fonction  de  la  defor- 
mation. 

On  connalt  la  faible  resistance  a la  fatigue  de*  materiaux  renforcys  ; le  contrdle  de  ceux- 
ci  par  la  technique  des  surcharges  pyriodiques  permet  de  suivre  leur  endommagement. 
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Pour  leo  clra.iques  on  o'efforce  d'obtonir  des  indications  do  bonne  tenue  accanique  on 
service  4 partlr  des  alcrofissurations  detectees  en  reception. 

111.3/  Contrtle  des  assemblages 

Lea  qualites  d'sdherence  des  asseablages  colics  sont  aiaes  en  Evidence  par  eaisaion  arous- 
tique  [lb]  [l7]  [id].  Le  C.E.T.I.M.  a obtenu  des  r4aultata  siailaires. 

La  althode  eat  ausai  applicable  aux  asaeablages  nids  d'abeilles.  Le  contrSle  dea  assem- 
blages aoudea  peut  s'effectuer  par  aise  sous  contrainte  aecanique  ou  tberaique.  Ainai  lore  de 
l'epreuve  de  boitea  d' engagement  aur  araea  autoaatiquea  [l9j  1 'eaisaion  acoustique  eat  le  aeul 
aoyen  susceptible  de  qualifier  en  reception,  la  tenue  ulterieure  d1 aaaeablagea  aoudea  par  re- 
sistance electrique. 

111.4/  Contrilea  de  reception  des  recipients  4 preaslon 

La  preailre  application  connue  reaonte  4 19b3  (epreuve  dea  enveloppea  aoteur  de  la  fusee 
Polaris). 

A titre  d ' i 1 lua tration  nous  preaentona  1 'application  4 deux  caa  pratiques  du  diapositlf 
de  localisation  .is  en  place  au  C.E.T.l.M.  Ce  aont  1 

. Detection  et  localisation  d'un  defaut  ayant  conduit  4 la  rupture  d'une  capacite  en  AGj  . 

La  fissure  a ete  detectee  tris  longteapa  avant  de  devenir  debouchante  (figure  5)  et  a pu 
4 1 re  localisee  4 aoins  de  3 ca  d*  la  ooaition  reelle  (figure  6)  ; 

. Detection  aur  cuve  en  acier  E24  de  defauts  realises  artificielleaent  et  devant  conduire  4 
rupture.  Cone  le  aontre  la  figure  7 la  precision  obtenue  eat  bonne  puiaque  le  barycentre 
dea  positions  calcuiees  eat  4 quelquea  ca  du  defaut  ou  aur  lui  4 la  precision  dea  reports 
pr4s.  La  dispersion  observee  aur  lea  localisations  individuellea  eat  inevitable  car  elle 
reflete  1 'influence  de  la  repartition  d'anplitude  des  aignaux.  Par  contre  la  coherence  et 
la  precision  de  localisation  a'aaeiiorent  au  fur  et  4 assure  de  la  progreaaion  d»s  defeats. 
Ceci  constitue  une  preuve  indirecte  de  leur  caractfere  critique  croissant. 

Dana  certains  caa  lea  resultats  aont  plus  inegaux  car  tributaires  de  conditions  d'applica- 
tion  defavorables  : structure  aa 1 deteneionnee  ou  oxydee,  nateriau  ductile,  defauts  peu  eaiasifs. 

111.3/  Contrtle  des  circuits  hvdrauliouea  ou  pneuaatiques  - Contrtle  d’^tancheite 

L'eais.i  on  acoustique  pernet  le  contrSle  d' ensemble*  hydrauliques  : f one ti onneaent  de  poapes, 
Manei,  servovalves,  endoaaageaent  par  cavitation  [20j  [2l]  . Ce  conf^Sle  d'ltanchlite  a l'avan- 
tage  de  pouvoir  s'effectuer  4 distance.  Coapte  tenu  de  la  nature  no  i iapulsive  du  signal  la  lo- 
calisation des  fuites  a'effectue  par  des  althodes  non  conventionnel les  : coaparaison  d'anplitude, 
correlation.  La  liaite  inflrieure  de  detection  en  contrftle  d'ltancheitl  de  systlaea  hydrauli- 
ques  seable  se  situer  a environ  2 bars/l/h  [22].  Pour  les  systlaes  pneuaatiques  elle  est  d'en- 
viron  0,2  ca^/ata/sec  [2lj. 

Si gnslons  enfin  que  le  C.EoT.I.Ne,  k la  deaande  d'E.D.Fo,  a ais  au  point  1 'apparei 1 lage 
de  contrble  d'ltanchlitl  du  circuit  priaaire  des  centrales  nucleaires  lore  des  Ipreuvea  hydrau- 
liques  rlgleaentaires . 

111.6/  Contr&les  de  coaposants  elec troniques 

On  a signall  rlceaaent  [23]  que  le  contrSle  de  fabrication  b 100  % de  certains  coaposants 
(PTBC)  Itait  deja  applique  dans  la  grande  Industrie.  De  a$ae  les  dlf ec tuoeites  de  circuits  elec- 
troniques  sont  d£tec tees  a l'aide  des  aicrodlcharges  aux  points  chauds  des  resistors  et  transis- 
tors, aux  fuites  des  condensateurs  ou  des  circuits  intlgrls  [24].  On  recherche  egaleaent  les  par- 
ticules  perdues  dans  les  asaeablages  llec troniques  seel les. 

III. 7/  Contrble  du  fonc tionneaent  (diagnostic  acoustique) 

Avec  I'avantage  d'une  grande  sensibilitl  aux  frequences  llevlea  1 'eaisaion  acoustique  peut 
Itre  integree  a 1'enseable  des  althodes  de  diagnostic  acoustique  des  aecanismes.  Elle  est  eaployee 
pour  rouleaents  a bills*,  paliers  [24]  etc...  Souvent  1 ' endoaaageaent  est  suffisaaaent  revile 
par  l'lllvation  du  niveau  de  bruit  de  f one tionneaent.  Sinon  on  doit  faire  appel  aux  althodes  dites 
de  "signature  acoustique”. 

IV/  APPLICATION  DE  L' EMISSION  ACOUSTIQUE  AU  C0NTR0LE  DU  SOUDAGE 

IV.  1/  Generali tls 

Les  forts  gradients  theraiques  de  la  zone  fondue  ou  de  la  zone  affectle  theraiqueaent  (ZAT) 
crlent  ou  sollicitent  les  dlfauts  engendres  par  1' operation  de  soudage  : fissures,  aanques  de 
plnltration,  collages,  inclusions,  poroaites,  etc...  Ceux-ci,  a des  degrls  divers,  provoquent  de 
1'laission  acoustique.  L' inf oraa tion  peut  ?tre  acquise  so i t en  cours  de  soudage  ou  iaaldiateaen t 
apre*  (fissuration  a chaud)  soit  en  difflre  (fissuration  a froid).  Cette  derniere  peut  d'ailleurs 
intervenir  apres  pluaieurs  dizaines  d'heures  dans  certains  aciers  a haute  tlnacitl  et  il  n'exis- 
te  pratiqueaent  pas  d'autre  aoyen  que  1* eaisaion  acoustique  pour  connaftre  le  dllai  dc  stabili- 
sation de  la  soudure. 
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Lei  avantagea  eacoaptla  de  la  aethode  sont  aultiples  i sensibility  (parfois  aurabondante) , 
localisation  a£ae  sans  accAs  direct)  teaps  r^el  done  possibility  de  reparation  iaaediat^.  La 
principale  difficulty  d'application  reside  dans  1 1 elimination  yventuelle  des  bruits  propres  A 
1* operation  de  soudage  (parasites  eiec troaagnetiques , changeaents  de  phase  du  aateriau,  craque- 
aent  du  laitier. ••)•  Une  autre  difficulty  reside  dans  le  coaporteaent  du  capteur  A tempera tu- 
re  eievee.  L'eaploi  de  ceraaiques  piezoelectriques  a haut  Point  de  Curie  ou  1 'usage  de  guides 
d'ondes  peraettent  de  la  suraonter.  De  aAae  teaperature  et  conductivity  thermique  peuvent  in- 
fluencer  1'eaissivite  du  aateriau  et  la  propagation  des  ondea.  La  vitesae  de  celles-ci  ddcrott 
en  effet  avec  la  teaperature  tandis  que  leur  attenuation  crott.  Par  suite*  la  localisation  pent 
s'averer  parfois  delicate* 

A notre  connaisaance  lea  preaiers  travaux  aur  le  contrftle  du  soudage  par  daiseion  acous- 
tique  ont  ete  aenes  au  Battelle  Northwest  par  JOLLY  [25] « Celui-ci  a ainsi  prouve  la  sensibi- 
lity de  la  aethode  en  detectant  dans  I'inox  304-L  des  defauts  non  dyceies  par  rayons  X aais 
confines  par  exaaen  ae tal lographique . II  a indique  la  correlation* dans  ce  cat,  entre  longueur 
de  fissure  et  energie  liberee  par  eaission  acoustique. 

Depuis,  1'interAt  des  ailieux  industrials  a 'eat  principaleaent  aanifeste  pour  le  controls 
des  soudages  aultipasses  [26]  [27]  et  des  soudages  par  resistance  [28]*  Dans  le  preaier  doaaine 
I'interlt  econoaique  est  evident  en  raison  de  la  possibility  de  reparation  iaaediate*  Dans  le 
second  le  contrSle  est  possible  a 100  $ et  1' eaission  acoustique  est  la  seule  aethode  qui  appor- 
te  des  informations  aur  la  tenue  aecanique  ulterieure.  I 'application  trAa  specials  A des  souda- 
ges iaperativenent  etanches  aerite  une  aention  particuliAre  : tubes  de  gainage  de  coabustible 
nucleaire  [29],  capuchons  de  conteneurs  a dechets  radioactifs  [30]. 

La  littersture  portant  aur  1 'applicability  de  la  aethode  aux  divers  aodes  de  soudage  fait 
ressortir  la  specificity  de  chaque  cas  notaaaent  pour  ce  qui  concerns  1'eaissivite  des  aateriaux 
ou  des  defauts  et  le  traiteaent  des  signaux  le  plus  adequat.  Nous  allons  en  fairs  succinc teaent 
la  revue  en  oe  retenant  que  les  conclusions  les  plus  generalea.  Le  lecteur  ee  reporters  aux 
references  indiquees  pour  obtenir  les  details  concrets  d'application* 

IV. 2/  Soudages  avec  flux  gazeux  (TIG-MI G-MAG)  [Ref.  29  A 34] 

Cea  aodes  de  soudage  sont  favorables  A 1 'application  industrielle  car  le  flux  gazeux  n'in- 
troduit  pas  de  bruit  perturbateur.  Les  essais  aontrent  que  non  seuleaent  la  foraation  et  1 'ex- 
tension des  fissures  peuvent  generaleaent  etre  reveiees  aais  aussi  dans  certains  cas  les  aanques 
de  penetrationt  souff lures  et  porosites.  De  plus  1' exaaen  peut  se  poursuivre  longueaent  durant 
la  phase  de  ref roidisseaent. 

Les  aateriaux  testes  sont  noabreux*  Citons  en  particulier  I'inox  (inox  316  et  inox  304-L 
respectiveaent,  pour  les  gainea  de  coabustible  nucleaire  et  les  conteneurs  aentionnes  plus  haut) 9 
le  titane,  1 'inconel,  1 'aluminium  et  sea  alliages**.  Pour  lea  aciers  au  carbons,  il  faut  tenir 
coapte  de  1* intense  bruit  perturbateur  engendry  par  les  transf oraations  aartensitiques * 

IV. 3 / Soudages  avec  flux  solide  [Ref.  25  A 27  - 33  A 35] 

Le  soudage  autoaatique  sous  flux  solide  (arc  submerge)  concerne  principaleaent  lea  aciers 
de  construction  parfois  de  forte  epaisseur.  L'eaission  acoustique  est  alors  trAs  sensible  A 
1 'influence  perturba trice  du  laitier  pendant  son  ref roidisseaent.  Lea  dAfauta  detectes  avec  le 
plus  de  fiabilite  sont  les  fissures  et  les  inclusions  de  flux  de  soudage.  Les  porosites  et  aan- 
ques  de  penetration  sont  decelea  s'ils  s 'accoapagnent  de  fissurations  secoodaires.  Enfin  les 
conf oraations  defectueuses  (crateres,  caniveaux, . . ) peuvent  Atre  distinguees  des  conf oraations 
aoignees • 

Le  coutrble  du  soudage  a l'arc  sous  electrode  enrobye,  qui  s'apparente  au  precedent,  pre- 
sente les  alaes  difficultes  d'application  en  raison  du  craqueaent  du  laitier. 

IV. 4/  Soudages  par  resistance  [Ref.  28  - 31  - 34  - 36  A 38] 

Le  contrBle  des  soudages  utilisant  ce  principe,  notamaent  par  point  et  par  etincelage,  a 
donne  des  resultats  tres  prone tteurs.  Le  soudage  a la  aolette  pose  des  problAaes  plus  delicate 
car  il  s'agit  de  separer  le  bruit  produit  par  1 'accroissement  du  voluae  fondu  des  bruits  de 
posi tionneaent  des  tdles  et  d'usure  de  1 'electrode. 

On  constate  general ement  qu'il  exists  une  bonne  correlation  entre  voluae  fondu  et  intensity 
de  l'yaission  acoustique.  Comae  la  qualite  de  la  soudure  depend  de  la  taille  du  noyau  l'iapor- 
tance  de  1' emission  acoustique  traduit  done  paradoxalement  une  soudure  de  qualite  et  non  un  dA- 
faut.  De  a£ae  on  a confime  aussi  bien  avec  du  zircalloy  [36],  du  nonel  ou  du  laiton  [37]qu'il 
existe  une  nette  correlation  entre  aapleur  de  l'yaission  et  resistance  aecanique  de  la  soudure 
au  "deboutonnage" • • . 

Le  contrdle  industriel  de  aasse  par  cette  aethode  a deja  debate.  Les  appareillages  utilisent 
generaleaent  un  double  systAae  de  discriaina tion  teaporelle  et  de  discriaination  d'aaplitude 
pour  identifier  et  caracteriser  la  phase  significative  du  soudage. 

IV. 5/  Brasage  et  soudages  gpeciaux 

L'appl ication  A la  recherche  du  manque  d' adherence  des  brasages  entre  electrode  aetallique 
et  culot  ceraaique  de  tubes  eiec troniques  a ete  effectuee  avec  guccAs  [39]* 


. • ./ ... 
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Four  1*  soudage  par  plasas  dee  easels  concluants  ont  dtd  effectuds  anr  daa  alliages  aviation 
at  da  l'inox.  De  adae  pour  la  aoudage  laaar  [*0].  Da  plua  ooua  allona  consacrer  on  ddveloppeaent 
particulier  au  controls  du  aoudage  par  boabardaaant  dlectronique. 

a 

V/  ETUDE  PARTICULIEHE  i FAISABI LITE  DU  CONTROLE  IN  SITU  DE  SOUDAGES  PAR  BOHBARDEHENT  ELBCTRONIOL'E  ** 

La  eonstructeur  aentionnd  utilise  1 'Inconel  718  forgd  pour  cartainaa  piAcea  tel  l'arbre  de 
turbine  de  la  photo  8.  Ce  aatdrlau  off re  an  a/fa t de  noabreux  avantages  adcaniques  A chaud  (550°C) 
an  partlculiar  pour  la  fatigue  oligocyclique.  Par  contra  aon  aoudage  par  boabardeaent  dlectro- 
nique  eat  perticulidreaent  delicat. 

La  coupla  de  aatdriau  k aouder  eat  ici  l'Inconel  718  (NC  19  FeNb)  at  l’inox  Z12  CNDV12.  La 
aoudage  peut  introduire  lea  criquea  longitudinalea  qua  l'on  volt  aur  la  photo  9«.  Cellee-cl 
aont  contrSlables  par  lea  aoyens  claaaiquea.  11  peut  aurtout  introduire  dana  l'Inconel  une  uicro- 
fiaauration  initlee  dana  la  tone  affectee  theraiqueaent  et  qui  peut,  dana  certaina  caa,  penetrer 
dana  la  cordon  (Photoa  9b  A 9d).  Cea  fiaauree  aont  tranaveraalea,  ne  ddbouchent  paa  an  aurface 
at  aont  da  taille  linitde  A quelquea  l/lOO ime  ou  l/lOiae  de  mb.  Coapta  tenu  de  la  gdoadtrie  par- 
ticulars da  la  piAce  lea  aoyena  conventionnela  na  peraettent  paa  A ca  jour  da  lea  ddceler. 

T.l/  Mdcanlsaea  gdndratcura  poaaiblea  pour  l'daiaaion  acouatiaue 

La  foraation  dea  defauta  lora  du  aoudage  dea  virolea  cylindriquea  considdrdes  depend  de 
l'apport  theraique  dana  le  cordon,  de  la  gdndration  dea  contraintea  internea  et  dea  phdnoaAnea 
adtallurgiquea  aesoci da.  Un  axaaen  auccinct  va  aontrer  la  liaiaon  da  cea  facteura  avec  la  gdnd- 
ratlon  d'daission  acouatique. 

Le  bruit  d'iapact  proprenent  dit  du  faisceau  eat  peu  iaportant.  Par  contra  la  fualon  du 
adtal  a'accoapagne  dana  le  voluae  liqudfie  de  aouveaenta  turbulenta,  d'dbullitions  localea,  de 
vaporiaationa,  dejections.  On  aait  que  cea  adcaniaaes  aont  gdndrateura  d'une  daisaion  acoua- 
tique aaaiailable  1 un  "bruit  blanc"  [AlJ.  Lea  projectiona  peuvent  an  outre  crder  dea  iapacta 
paraaitaa. 

La  aolidif ication  entratne  dea  aodificationa  localea  rapidea  de  voluae  et  drentuelleaent 
dea  tranaf oraationa  de  phaae  aptea  A engendrer  une  daisaion  acouatique  que  noua  noaaerona 
"da  solidification".  Ainal  on  a aontrd  que  le  retrait  A la  solidification  dea  adtaux  fondus 
entratne  une  daisaion  acouatique  notablement  influences  par  l'iaportance  de  la  contraction  en 
voluae  [*2].  De  adae  le  rdarrangeaent  et  la  contraction  accoapagnant  la  tranaf oraation  aarten- 
aitique  produiaent  de  l'daiaaion  acouatique  [A3j . On  a enfin  aontrd  expdriaentaleaent  [bbj  que 
la  ddfonaation  plaatique  k haute  teapdrature  d'alliagea  a base  nickel,  tela  le  vaapalloy, 
a'accoapagne  d'une  eaiaaion  de  forte  intenaitd,  car  le  aouveaent  dea  dislocations  eat  alors 
facllitd. 

La  aone  affectde  theraiqueaent  aubit  un  dchauffeaent  trAs  localise  faisant  apparattre 
pluaieura  phdnoaAnea.  Du  c3t d NC  19  FeNb  au  chauffage  il  y a redisaolution  dea  precipites  et 
groaaiaaeaent  du  grain.  La  rapiditd  du  ref roidisaeaent  ne  peraet  paa  la  reprecipitation  coaplAte 
aais  eat  auffiaante  pour  provoquer  vera  950°C  la  prdcipitation  d' un  fila  de  carbure  de  Niobiua 
aux  joints  de  grains  de  l'Inconel  718.  Ceux-ci  aont  rendus  incohdrents  done  fragiles.  Du  cStd 
Z 12  CNDV12, au  chauffage  il  y a auatdnitiaation  avec  grosaiaaearnt  du  joint  de  grain.  Au  refroi- 
disaeaent  il  y a traneforration  aartena i tique  (voir  plua  haut),  Dana  le  cordon  la  solidifica- 
tion a'effeotue  perpendiculaireaent  aux  iaotheraes  et  engendre  une  criatallisation  allonges 
dana  le  sene  du  gradient  de  teapdrature.  Lea  liaitee  de  croiaaance  dea  dendrites  constituent 
un  cheaineaent  privilegid  pour  toute  propagation  d'une  fiaauration. 

La  foraation  de  fissures  A chaud  ou  A froid  ddpend  de  l'dtat  de  contrainte  local  aux  points 
faibles  de  la  structure  solidifide.  La  fiaauration  longitudinals  apparatt,  sous  l'influence  dea 
contraintea  de  retrait,  dana  le  plan  addian  du  cordon  A l'endroit  oil  lea  grains  de  solidifica- 
tion erdent  une  discontinuitd  de  structure.  La  foraation  de  fiaauree  dans  la  ZAT  eat  liee  aux 
gradients  theraiques  et  aux  concentrations  de  contraintea  dues  A la  Xorae  du  bain.  L'apparition, 
aux  joints  de  grains  lea  plua  faibles  et/ou  lea  plua  sollicitds,  dea  deux  types  de  fiaauration 
qui  viennent  d'etre  ddcrits  engendre  de  l'daiaaion  acouatique.  Contraireaent  k l'daiaaion  acoua- 
tique de  "solidification”,  cette  daisaion  acouatique  de  "fiaauration"  peut  as  prolonger  pendant 
le  refroldlaaeaent  de  la  soudure. 

Four  Itre  coaplets  aur  l'daiaaion  acouatique  accoapagnant  la  foraation  dea  ddfauta  de  aou- 
dage nous  indiquerons  que  l'daiaaion  acouatique  ddjA  aignalde  qui  accoapagne  lea  aouveaenta  du 
bain  liquids  pent  indirecteaent  rdvdler  la  foraation  de  aoufflures,  poroaitda...  De  plus  lea 
contraintea  s'exerqant  aur  la  cavitd  oil  le  gaz  eat  eaprisonnd  peuvent  produire  k chaud  dea  de- 
foraationa  plastiques  du  type  de  eellea  aentionndea  plus  haut  et  k froid  conduire  k dea  fissura- 
tiona  differed. 

V.2/  Eaaaia  de  falaabilitd 

Ce  qui  vlent  d'etre  exposd  aontre  la  aultiplicitd  dea  adcaniaaes  gdndrateurs  poaaiblea  pour 
l'daiaaion  aconatique  accoapagnant  le  aoudage  par  boabardeaent  dlectronique.  Si  l’on  veut  effec- 
tuer  le  contrdle  lora  du  aoudage  propreaent  dit,  il  eat  iapdratif  que  lea  signaux  aignificatifs 
d'une  daisaion  acouatique  de  "fiaauration"  ae  diatinguent  du  bruit  de  fond  indvitsbleaent  lid  aux 
phdnoaAnea  annexes  de  aolidification,  transformation  de  phaae,  etc...  Coaae  ce  bruit  cease  A la 
fin  du  aoudage  il  aeable  coaaode  d'eaaayer  de  ddtecter,  si  elle  exiate,  l'daiaaion  acouatique  en- 
gendrde  par  le  ddvel oppeaent  dea  fisaurea  pendant  le  refroidissenent.  De  atae  pour  le  caa  de  la 
fiaauration  A froid. 

* Etude  aepportee  f inane  1 Areaent  par  la  Societd  TURBOMECA 


Poor  dAaontrer  la  rAalitA  d«  l'eaiaaion  aeouatique  aasoclAe  1 la  formation  do*  dAfauts  on  a 
procAdA  1 ant  preniAre  sArie  d'eaaaia  eoaparatifa.  On  a effectuA  dea  tira linAaires  aur  plaquettaa 
d'un  natAriau  facileaent  criquable  (aeiar  XC  80  racuit)  at  d'un  tillage  poo  fisaurant  (TA  6 V). 
L'Aaiaaion  aeouatique  a e te  aurveillAe  pendant  le  ref roidiaaeaent. 

Pour  TA  6 V on  obtient  une  rAf France  de  alienee  abaolo  en  l'abaence  de  toute  flaaoration. 

Poor  XC  80  reeoit  l'eaiaaion  aeouatique  a trAa  elaireaent  dAcelA  lea  fiaaurationa  longi tudinales 
du  cordon.  L'aetivite  pour  ce  type  de  dAfaut  peut  ae  prolonger  jusqu'A  6 an  aprAa  le  aoudage. 

On  a auaai  deceit  dea  fiaaurea  A frold  de  taille  inferieure  A 2/lOAae  aa  prenant  naiaaance  au 
niveau  de  aoufflurea  internea  (photo  10).  Ee  aaniAre  connexe  lea  eaaaia  opt  aontrA  la  poasibilitA 
de  localiaer  lea  defauta  avec  une  prAcision  acceptable  et  suggArA  une  relation  crolaaante  entre 
AaisaivitA  et  taille  dea  dAfauta  (figure  ll). 

Dana  une  deuxiAae  sArie  d'eaaaia  on  a considArA  1 'AaisaivitA  dea  aatAriaux  concernia  dana 
le  problAae  induatriel  posA  : Inconel  718  et  inox  (lei  Z 10  CNT  18).  On  a procede  par  tira  linA- 
airea.  On  conatate  aur  la  planche  photo  12  une  preaiAre  difference  entre  lea  niveaux  du  "bruit 
de  fond"  pendant  le  aoudage  et  une  aeconde  difference  dana  l'aetivite  lora  du  ref roidiaaeaient. 

One  concordance  qualitative  a ete  niae  en  evidence  entre  cette  derniAre  et  la  preaence  de  fis- 
auraa. 


Lea  deux  aatAriaux  considers  aont  auateni tiquea  y (c.f.c).  Leur  coaportenent  de  fuaion- 
aolidification  eat  done  A priori  voiain.  La  difference  principale  ae  aitue  au  ref roidiaaeaent  ou 
dea  precipitea  apparaiaaent  dana  la  aolution  aolide  d’Inconel  718.  Parti  ceux-ci,  conae  l'atteate 
l'exaaen  aAtallographique, le  carbure  de  niobiua  ae  fixe  aux  pointa  de  graina  et  cause  la  Satu- 
ration. II  ne  aeable  paa  illogique  de  rapprocher  cette  explication  dea  differences  observees  dana 
l'eaiaaion  aeouatique  dea  deux  nateriaux  au  ref roidiaaeaent.  Ee  nine  le  passage  par  un  aaxiaua 
d'eaiaaivite  de  l'Inconel  718  lora  du  ref roidiaaeaent  paraft  lie  A l'evolution  de  la  teapArature. 
Un  phAnoaAne  aeablable  a d'ailleura  AtA  observe  lora  de  la  fiaauration  de  l'acier  304  L [25]. 

D'un  point  de  vue  pratique  on  constate  qua  la  phase  d’eaisaion  aeouatique  post-soudage  eat  rela- 
tiveaent  brAve.  Sur  piAce  rAelle  il  paraft  done  iapAratif  d'exercer  le  contrSle  pendant  le  aou- 
dage propreaent  dit. 

Dana  la  troiaiAae  partie  de  l'Atude  on  a soudA  dea  virolea  cylindriques  d'Inconel  718  et 
d'inox  aartensitique  Z 12  CN'DV  12  pour  aiaraier  la  fabrication  de  l'arbre  de  turbine  rAel.  On 
s'eat  attache  A l'Atude  de  l'eaiaaion  aeouatique  produite  pendant  le  aoudage.  (Voir  le  aontage 
photo  13) . 

Lea  indications  donnees  plus  haut  aur  lea  originea  poaaiblea  de  l'eaiaaion  aeouatique  ont 
Ate  confiraeea.  La  presence  d'un  "bruit  de  aolidification"  a Ate  netteaent  rAvAlAe.  On  voit 
photo  14  qu'il  ae  coapose  de  signaux  iapulaifa  extrtaeaent  rapprochAs.  On  a de  plus  conatatA 
qu'il  eat  reliA  A la  puisaance  introduite  par  unite  de  voluae  et  qu'il  croft  avec  elle.  Lora- 
qu'il  y a fiaauration  lea  aignaux  iapulaifa  correspondents  aont  engendrAs.  On  le  voit  sur  la 
planche  photo  15  qui  coapare,  toutea  choses  Agates  d'ailleura,  deux  caa  dont  le  contrSle  aetal- 
lographique  s'eat  rAvAlA  pour  l'nn  positlf  (fiaauration  du  type  C - Cf.  photo  9d) , pour  l'autre 
nAgatif.  La  difference  d'Aaiasivite  apparaft  netteaent. 

L'exiatence  de  signaux  liAs  A la  fiaauration  lora  de  la  phase  de  aoudage  Atant  Atablie,  on 
peut  a'orienter  vera  la  recherche  de  solutions  pratiques  pour  le  aoudage  considArA.  II  eat  nAces- 
aaire  que  lea  aignaux  de  fiaauration  Aaiergent  du  "bruit  de  aolidification".  C'eat  done  l'aapleur 
de  celui-ci,  en  dernier  reasort  lea  paraaAtres  de  aoudage  et  le  natAriau,  qui  fixent  le  rapport 
signal/bruit  et  la  faisabilitA  du  aoudage.  Aceessoirenent  le  niveau  de  "bruit”  peut  aervir  A 
verifier  la  continuitA  dea  conditions  de  aoudage. 

Coaipte  tenu  de  la  senaibilitA  naturelle  de  1'Anisaion  aeouatique  A dea  hAtArogAnAi tAs 
localea  du  natAriau  ou  A de  lAgArea  variations  dea  paraaAtrea  de  tir  on  ne  peut  uniqueaent  opA- 
rer,  cone  il  eat  claasique,  par  dea  aAtbodes  de  seuil.  On  dolt  adopter  dea  aAthodes  coaplAaen- 
tairea  de  traiteaent  atatiatique  aptea  A distinguer  l'exiatence  de  deux  populations  de  aignaux. 
Pour  certains  caa  spAcifiquea  ou  le  aoudage  eat  bref,  1 'appareillage  peut  Jtre  aiaplifiA  puia- 
qu'il  y a AaiaaivitA  lora  du  refroidiaaeaent. 

L'expArience  aontre  qu'on  ne  peut  Aviter  la  aicrofiasuration  de  la  ZAT  dana  l'Inconel  718, 
quellea  que  aoient  lea  conditions  de  aoudage  et  l'Atat  nAtal lurgique  du  natAriau.  Ceci  eat  nis 
en  Avldence  en  pouaaant  lea  groaaiaseaents  de  l'exaaen  aAtallographique.  Le  contrSle  doit  done 
ae  fixer  une  taille  liaite  dea  dAfauts  acceptablea,  ne  coaproaettant  pas  la  tenue  de  la  piAce 
en  service.  L’Anisaion  aeouatique  engendrAe  par  la  fiaauration  A chaud  d'un  tel  dAfaut  de  rAfA- 
rence  doit  aurpaaser  le  "bruit  de  aolidification".  Conae  ce  dernier  eat  eaaentiel leaent  coamandA 
par  la  puissance  theraique  et  le  natAriau  considArA  on  voit  que  la  aAthode  ne  peut  a'appliquer 
qu'A  dea  caa  spAcifiquea.  Lea  problAaea  de  reproductibilitA  et  fiabilitA  doivent  Agaleaent  Stre 
exaninAs  avec  aoin. 

n/  CONCLUSION 

L'Aaiaaion  aeouatique  eat  une  technique  encore  au  stade  de  la  recherche  et  du  dAveloppeaent. 
Ce  n'est  pas  une  technique  d'iaagerie  aaia  une  technique  de  dAtection.  Sea  perforaances  depen- 
dent dea  phAnoaAnes  physiques  ae  produiaant  dans  le  natAriau  et  de  la  valeur  du  traiteaent  de 
1 'information  perjue.  Elle  eat  aeule  par  contre  A pouvoir  accAder  A l'Avolution  et  A l'Aventuelle 
eatiaation  de  la  nocivitA  dea  dAfauts.  Il  n'y  a done  pas  concurrence  aaia  coaplAnentaritA  de 
l'Aaisaion  aeouatique  et  dea  autrea  techniques  (B.  X,  Ultraaons,  ..,). 

L'Aaiaaion  aeouatique  ae  dAveloppe  dana  un  contexte  acientifique  et  technologique  favorable  : 
dAveloppeaent  de  aatAriaux  A hautes  caractAristiques  aAcaniquea,  perforaances  accrues  dea  aatA- 


riela  Alec troniquea , progrAa  daa  tachniquaa  da  traitaaant  da  a i goal,  dlveloppeaent  daa  ajritiaaa 
inf oraatiquea . 

On  travail  important  raata  it  aceoaplir  ponr  aacnar  1 'utiliaatlon  indnatrialla  an  alvaan  daa 
poaalbilitAa  virtuellea.  II  faut  an  effet  conaiddrer,  A e#td  daa  avaatagea  lntrlnaAquea,  laa 
faotaara  qui  liaitant  aetnallaaant  la  diffuaion  i ddlicateaae  da  alaa  an  oanvra,  interpretation 
daa  rdaultata  ndcaaaitant  an  paraonnal  avartii  coflt... 

L«  eontexta  induatrial  aat  capandant  favorabla  A terna  ear  laa  parforaancaa  deaanddea  at 
laa  exigencea  d'dconoaie  at  adcuritd  a 'accroiaaent.  Ainal,  pour  aa  linitar  au  doaaina  adronauti- 
qaa,  l'US  Air  Force  aouhaite  ddvelopper  pour  la  flotta  daa  avlona  cargo*  C5  laa  dlapoaltlfa  ddjA 
utlliada  pour  ddtecter  laa  fiaaure*  dans  laa  allaa  at  rdaervoira  du  C 135.  Ella  eapAre  ainai  on* 
dconomia  da  awintenance  da  l'ordre  da  $ 35  nilliona.  Da  alaa  l'daiaaion  acouatiqua  a diji  reapla  * 
ed  rayona  X.  ultraaona  at  tachniquaa  dlectroaagndtiquea  pour  la  ddtection  daa  corroaiona  da  1 ’ ea- 
pannaga  da  1' avion  F 111. 

Laa  dtudaa  proapactivaa  [45]  aatinant  qu'alla  aara  ana  daa  ndthodea  da  ContrOle  Non  Deatruc- 
tif  dont  la  taux  da  ddveloppeuent  aara  la  plua  rapida  at  qu'A  long  tana  alia  attalndra  un  nivaau 
d'utiliaation  eonparabla  A calui  daa  aoyena  aetuala. 
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Rfcuml 

L*  control*  non  destructif  de  piices  aironautiques  par  ultrasons  nicessit*  de  ditecter  des 
difauts  de  plut  en  plus  petit*  et  de  plus  en  plus  pris  de  la  surface  de  ces  pieces.  L’tvaluation 
quantitative  de  ces  (Mfauts,  permettant  une  provision  plus  precise  de  leurs  consequences  mtcani- 
ques,  dolt  aussi  vtre  smiliori*.  Ceci  exige  I'utilisation  de  transducteurs  ultrasonores  plus  semibles 
at  prtsema rrt  une  plus  large  bend*  passante. 

La  principal  method*  utilise*  I present  pour  augmenter  la  band*  passante  de  transducteurs 
pMzoflectriques  entrain*  une  reduction  importante  de  leur  sensibilite  ; *11*  est  fondi*  sur  l*#mor- 
dssement  de  la  lame  piizoilectrique  par  sa  face  arriere.  On  propose  (futiliser  au  contraire  un 
amort  issemem  per  un*  face  event  4 plusieurs  couches  qui  per  met  (‘augmentation  simultane*  de 
la  sensibilite  et  de  la  band*  passante.  Pour  etudier  la  faisabilite  d*  ce  precede,  un  logiciel  d*ordi- 
neteur  a ete  mis  au  point  pour  calculer  la  propagation  d'une  onde  4 t ravers  des  couches  rfipats- 
seurs  different  es.  Cl  programme  per  met  tfoptimiser  les  caracteristiques  (impedance  et.  epaisseur) 
des  diverse*  couches  constituent  le  transducteur.  Oes  comparisons  a vac  des  transducteurs  reels 
ont  permit  de  valider  ce  models  theorique. 


BROAD-BAND  ULTRASONIC  TRANSDUCERS  FOR  NON  DESTRUCTIVE  INSPECTION 
OF  AERONAUTICAL  COMPONENTS 


Summary 


For  ultrasonic  non-destructive  inspection  of  aeronautical  components,  it  is  mandatory  to 
detect  defects  both  smaller  and  smaller,  and  nearer  and  nearer  the  surface  of  these  components. 

The  quantitative  evaluation  of  that*  defects,  allowing  a definition  of  their  mechanical  consequen- 
ces, must  also  be  improved.  This  requires  the  use  of  more  sensitive  ultrasonic  trenschjcers,  with  a 
larger  bandwidth. 

The  main  method  used  it  present  to  increase  the  bandwidth  of  piezoelectric  transducers 
entails  en  important  decrease  of  their  sensitivity  : it  is  based  on  the  damping  of  the  piezoelectric 
wafer  on  its  rear  fact.  IAN  suggest  to  use  instead  damping  by  a multilayer  front  face,  which  allows 
a simultaneous  increase  of  both  sensitivity  and  bandwidth.  In  order  to  study  the  feasibility  of  this 
process,  a computing  pregramme  has  been  developed  to  calculate  the  propagation  of  a wave  through 
several  layers  of  different  thicknesies.This  programme  makes  it  possible  to  optimize  the  characte- 
ristics (impedance  end  thickness)  of  the  various  layers  making  up  the  transducer.  Comparisons 
with  actual  transducers  allowed  the  validation  of  this  theoretical  model. 


1.  INTRODUCTION 

L'Kolution  des  techniques  de  fabrication  et  des  qualitis 
mtcaniques  exigies  pour  les  piices  aironautiques  requiert 
un  contrdi*  non  destructif  de  plus  en  plus  sivire.  Les  techni- 
ques de  contrdle  doivent  done  s’affiner  dans  les  prochaines 
annies.  En  ce  qui  concern*  les  prices  mai tresses  d'un  turbo- 
riacteur  qua  sont  les  disques  de  turbines  et  d*  eompresseurs, 
la  principal  mitbode  utilisie  est  le  contrdle  par  ultrasons 
en  immersion  (ichographie).  Les  principales  ameliorations 
susceptible*  d'etre  apporties  4 cette  technique  sont  les  sui- 
varnes  : 


(a)  augmenter  la  resolution  pris  de  la  surface  des  prices 

4 contriier, 

(b)  ditecter  des  difsuts  plus  petits. 

(c)  amiliorer  revaluation  quantitative  des  difauts  ditectis, 

(d)  rend  re  le  contrite  phis  automatiqu*  4 la  foil  pour 
augmenter  la  product iviti  et  pour  s'affranchir  de  I'erreur 
humain*. 

Actuetlement  de  mantire  industriell*  en  ondes  longitudi- 
nales,  on  ne  directs  pas  tes  difauts  dans  une  zone  de  3 4 
4 mm  d'ipaisseur  4 partir  de  la  face  d'entri*  des  ultrasons. 
Ceci  est  dO  4 I'icho  tris  important  lii  4 la  fact  d'entri* 
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qui  masque  pendant  un  certain  temps  (environ  1 ps)  les  echos 
lies  aux  defauts  susceptibles  de  se  trouver  dans  cette  zone. 
Pour  les  pieces  importantes  des  turboreacteurs  (disques  de 
turbines  et  de  compresseurs  par  exemple),  cette  zone  est 
enlevee  at-  ->urs  de  I'usinage  ce  qui  garantit  que  la  piece 
finale  est  s defaut.  Les  nouvelles  techniques  de  fabrication 
faisant  appel  £ la  metallurgie  des  poudres  (hot  isostatic  pres- 
sing (HIP), and  isothermal  forging)  peuvent  produire  des  dis- 
ques de  dimensions  plus  proches  des  dimensions  finales  ce 
qui  pourra  reduire  considSrablement  les  couts  d'usinage  et 
les  quantity  de  matieres  utilises.  II  sera  alors  necessaire  de 
detecter  des  defauts  beaucoup  plus  pres  des  surfaces  des 
pieces. 

Parallelement  one  amelioration  du  rapport  de  la  poussee 
au  poids  d'un  turboreacteur  depend  de  ('augmentation  possi- 
ble des  efforts  demands  aux  pieces,  laquelle  est  evidemment 
m & ('amelioration  de  la  connaissance  de  la  repartition  des 
contraintcs  mais  aussi  e la  possibility  de  detection  de  defauts 
plus  petits  et  e leur  meilleure  evaluation  quantitative. 


2.  LES  CAUSES  DES  LIMITATIONS  ACTUELLES 

2.1.  Resolution  pres  de  la  surface 

Le  principe  de  I'echographie  ultrasonore  est  schematise 
sur  la  figure  1.  Les  ultrasons  emis  par  un  transducteur  excite 
par  une  impulsion  eiectrique  sont  transmis  par  de  I'eau  jus- 
qu'S  la  surface  de  la  piece  ou  ils  sent  partiellement  refiechis 
et  partiellement  transmis  & travers  I'interface.  Les  lois  regis- 
sant  la  reflexion  et  la  transmission  sont  parfaitement  connues. 
Le  fait  important  est  que,  pour  Tangle  du  faisceau  ultr'.so- 
nore  le  plus  favorable  (incidence  normale),  moins  d-  15%  de 
I'energie  est  transmise  & travers  I'interface.  Apres  la  traver- 
s6e  de  I'interface  le  faisceau  ultrasonore  peut  interagir  avec 
un  defaut.  L'energie  ultrasonore  refiechie  par  le  defaut  va  de 
nouveau  devoir  traverser  I'interface  et  seulement  15%  sera 
encore  transmise  pour  etre  finalement  d6tect£e  par  le  trans- 
ducteur. Globalement  il  existe  un  rapport  de  I'ordre  de  10~6 
entre  le  signal  correspondant  au  plus  petit  defaut  que  Ton 
veut  pouvoir  detecter  et  le  signal  correspondant  £ la  reflexion 
sur  I'interface  de  la  piece. 


Fig.  ! - Schema  representant  un  systeme  d'echographie 
ultrasonore. 


Pour  avoir  une  bonne  resolution  en  profondeur  (dans 
la  direction  de  propagation  des  ultrasons)  il  faut  pouvoir 
distinguer  les  diff£rents  trains  d'onde  correspondant  aux 
diff£rents  echos  (echos  d'interface  et  echos  de  defauts),  il 
faut  done  que  ces  trains  d'onde  soient  les  plus  brefs  possible. 
En  particu Her  tant  que  le  niveau  du  signal  correspondant  4 
I'echo  sur  I'interface  n'est  pas  inferieur  b celui  du  signal 
correspondant  cu  plus  petit  defaut  que  Ton  veut  pouvoir 
d4tecter,  ce  type  de  defaut  est  masque.  On  a ainsi  une  zone 
au  voisinage  de  la  surface  des  pieces  ou  Ton  ne  peut  detecter 
les  defauts,  I'epaisseur  de  cette  zone  depend  de  la  brievete 
du  signal  detecte,  laquelle  est  elle-meme  liee  i celle  du  train 
d'onde. 

La  figure  2 illustre  ce  phenomene.  Elle  represente  les 
signaux  d'echographie  detectes  pour  deux  transducteurs 
ultrasonores  de  caracteristiques  differentes  en  fonction  du 
temps  ou,  ce  qui  revient  au  meme,  en  fonction  de  la  pro- 
fondeur de  penetration  des  ultrasons  dans  la  piece.  Le  pre- 
mier picldepassant  le  cadre  de  la  figure)  de  chaque  courbe 
correspond  £ I'echo  d'interface,  le  deuxieme  A I'echo  lie  a 
un  trou  de  0,5  mm  de  diometre  vise  perpendiculairement  k 
sa  generatrice.  Pour  la  figure  2 a ce  trou  est  h 5 mm  de 
profondeur  par  rapport  d la  surface  d’entree  des  ultrasons 
alors  que  pour  la  figure  2 b il  est  & 10  mm.  Nous  obser- 
vons  que  I’echo  d'interface  dans  le  cas  (a)  masque  les  defauts 
dans  une  zone  d'environ  3 mm  de  profondeur  alors  que  dans 
le  cas  (b)  il  masque  une  zone  de  I'ordre  de  6 mm,  e’est  ce 
qui  explique  qu'il  n'a  pas  ete  possible  dans  ce  cas  de  detec- 
ter le  trou  situe  S 5 mm  de  profondeur. 
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Fig.  2 - Signaux  d'echographie  pour  deux  transducteurs  de 
caracteristiques  differentes. 
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Fig.  3 - Reponses  impulsionnelles  mesurees  des  deux  trans- 
ducteurs  (echographie  sur  un  plan  r4flecteur). 

Nous  avons  remarque  pr6c6demment  que  I'epaisseur  de 
la  zone  ou  les  defauts  sont  masques  depend  de  la  duree  du 
train  d'onde  ultrasonore  emis.  L'excitation  eiectrique  errant 
cette  onde  etant  une  impulsion,  cette  duree  est  liee  e la 
reponse  impulsionnelle  du  transducteur  utilise.  Nous  carac- 
teriserons  experimentalement  cette  reponse  impulsionnelle 
en  excitant  le  transducteur  par  une  impulsion  blectrique  tr£s 
breve  puis  en  detectant  au  moycn  de  ce  meme  transducteur 
I'onde  refiechie  par  une  surface  plane  perpendiculaire  au 
train  d'onde  emis.  Sur  la  figure  3 sont  representees  les  re- 
ponses  impulsionnelles  des  deux  transducteurs  utilises  pour 
tracer  les  echogrammes  representes  sur  la  figure  2.  Nous 
remarquons  que  la  reponse  du  premier  transducteur  (fig,  3 a) 
est  beaucoup  plus  breve  que  cel  le  du  deuxieme  transducteur 


(fig.  3 b)  qui  6tait  moins  performant  sur  le  plan  de  la  reso- 
lution au  voisinage  de  la  surface  dig.  2 b).  Sur  cette  figure 
est  tgalement  traefee  I'enveloppe  du  signal  (signal  d£tect6l, 
laquelle  est  seule  representee  sur  les  appareils  utilises  en  con- 
trole  industriel : e'est  cette  enveloppe  qui  est  repr6sentee  sur 
la  figure  2. 

II  est  bien  connu  que  la  duree  de  la  reponse  impulsion- 
nelle d’un  syst^me  quelconque  est  inversement  proportion- 
nelle  £ sa  bande  passante : e'est  ce  que  nous  observons  sur 
la  figure  4 ou  est  presentee  la  reponse  spectrale  de  chacun 
des  deux  transducteurs  utilises.  Notons  cependant  que  la 
condition  de  large  bande  passante  ne  suffit  pas,  la  forme 
de  la  reponse  spectrale  est  importante  ; suivant  cette  forme 
des  rebondissements  de  la  reponse  impulsionnelle  peuvent 
se  produire.  Un  exemple  tr£s  theorique  est  donne  sur  la 
figure  5 correspondent  & une  forme  de  reponse  spectrale 
en  creneau.  Nous  observons  des  rebondissements  de  la  repon- 
se impulsionnelle.  Remarquons  que  ce  cas  particulier  ne  peut 
absolument  pas  representer  la  reponse  reelle  d'un  transduc- 
teur car  un  systeme  ayant  ces  caracteristiques  n'obeirait  pas 
au  principe  de  causalite.  Cet  exemple  est  une  simple  illus- 
tration du  phenomene  decrit.  La  forme  ideale  (minimisant 
les  rebondissements)  de  la  reponse  spectrale  pour  une  bande 
passante  donnee  est  une  courbe  de  Gauss  avec  une  caract£- 
ristique  de  phase  lineaire  [1], 


Fig.  4 - R 6 ponses  spectrales  de  ces  memes  transducteurs 
(ichelle  Ftniaire). 
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Fig.  5 - Exemple  purement  theorique  dune  forme  de  repon- 
se spectrale  non  optimale  fa)  reponse  spectrale  ; 

(b)  reponse  impulsionnelle. 


2.2.  Evaluation  des  dEfauts 

Le  control  non  destructif  a pour  but  de  dEtecter  tous 
les  dEfauts  dans  une  piEce,  qui  entraineront  une  perte  de 
performances  mEcaniques  la  rcndant  inapte  E ('utilisation 
prEvue.  Suivant  la  zone  de  la  piece  ou  suivant  la  piece  elle- 
meme,  les  efforts  seront  plus  ou  moins  grands,  on  pourra 
done  tourer  des  dEfauts  plus  ou  moins  importants.  II  est 
done  nEcessaire  d'Evaluer  le  dEfaut  ou  de  le  caractEriscr  pour 
en  dEduire  les  consequences  mEcaniques  sur  la  piece.  Actuel- 
iement  cette  Evaluation  se  fait  par  comparaison  de  I'ampli- 
tude  de  I’Echo  ultrasonore  liE  au  dEfaut  avec  celle  de  I'Echo 
liE  E un  dEfaut-type  (fond  plat  d'un  trou  ou  trou  cylindri- 
que  visE  perpendiculairement  E sa  gEnEratrice)  dans  un  Echan- 
tillon  de  composition  identique.  Le  choix  d’un  Echantillon 
de  composition  identique  a pour  but  de  s'affranchir  de  tou- 
tes  les  variations  d'Energie  qui  dEpendent  de  la  transmission 
de  I'ondo  ultrasonore  au  niveau  de  I'interface  eau-matEriau. 
Cette  transmission  est  fonction  des  propriEtEs  acoustiques 
du  matEriau  (impEdance).  Remarquons  qu'il  est  thEoriquement 
possible  de  tenir  compte  de  ces  variations  de  transmission 
d'un  matEriau  a I’autre  et  done  de  faire  I'Etalonnage  sur  des 
dEfauts-type  dans  un  autre  matEriau.  Finalement  la  seule 
grandeur  mesurEe  dans  ce  controle  est  I'amplitude  de  I’onde 
ultrasonore  rEtrodiffusEe  par  le  dEfaut.  On  congoit  aisEment 
que  cette  amplitude  dEpend  d'un  tres  grand  nombre  de 
parametres  du  dEfaut  (orientation,  forme,  Etat  de  surface, 

...),  qui  pour  certains  n'ont  aucune  relation  avec  les  consE- 
quences  mEcaniques  de  la  prEsence  de  ce  dEfaut.  De  nou- 
velles  mEthodes  sont  E I'Etude  qui  permettront  de  beaucoup 
mieux  caractEriser  les  dEfauts.  Elies  font  appel  E ('analyse 
spectrale  d'une  onde  ultrasonore  diffusEe  (dans  une  ou  plu- 
sieurs  directions)  par  le  dEfaut.  PrEsentons  comme  exemple 
(fig.  6)  un  rEsultat  extrait  de  [2].  Les  courbes  de  cette 
figure  sont  les  spectres  des  ondes  rEtrodiffusEes  par  une 
cible  circulaire  de  3,2  mm  de  diametre,  la  cible  Etant  placEe 
sous  diffErents  angles  par  rapport  E I'onde  incidente.  Nous 
notons  une  tres  grande  variation  de  la  forme  du  spectre  en 
fonction  de  Tangle,  cette  variation  de  forme  s'accompagne 
Evidemment  d'une  variation  de  niveau  qui  n'est  pas  reprE- 
sentEe  sur  la  figure.  Une  variation  de  niveau  pourrait  etre 
interprEtEe  comme  une  variation  de  I'importance  du  dEfaut 
alors  que  le  spectre  nous  donne  des  renseignements  supplE- 
mentaires  qui  permettent  dans  ce  cas  de  dEterminer  Tangle 
d'incidence.  L'interprEtation  de  telles  mesures  est  Evidem- 
ment tres  complexe  et  loin  d'etre  rEsotue  actuellement. 


Frequency  (MHz  I 

Fig.  6 - Densite  spectrale  pour  un  reflecteur  de  3,2  mm  de 
diametre  a differentes  valours  de  I'angle  d'incidence. 


II  nous  suffit  cependant  de  comprendre  que  la  caractErisation 
d'un  defaut  necessite  une  tres  grande  quantitE  d’informations 
au  sens  de  la  theorie  du  traitement  des  signaux.  Cette  impor- 
tante  quantitE  d’informations  fournie  par  les  signaux  dEtectes 
E partir  de  la  diffusion  d'ondes  ultrasonores  dans  une  ou  plu 
sieurs  directions  devra  subir  un  traitement  complexe  (analyse  ' 
spectrale,  reconnaissance  de  formes,  ...),  qui  permettra  de  classer 
les  dEfauts  dans  le  but  de  les  caracteriser.  Rappelons  qu'un 
signal  contient  une  quantitE  d'informations  proportionnellc  a 
la  largeur  de  son  spectre,  on  peut  en  dEduire  que  revaluation 
d'un  dEfaut  au  moyen  des  techniques  ultrasonores  ne  sera  possi- 
ble qu'au  moyen  de  transducteurs  E large  bande.  Rappelons 
aussi  cependant  qu'une  autre  amElioration  des  techniques 
demandee  est  la  dEtection  de  dEfauts  plus  petits,  ce  qui  entraine 
qu'il  est  nEcessaire  simultanement  E I'augmentation  de  la  bande 
passante  des  transducteurs  d'augmenter  leur  sensibilite. 

Nous  pouvons  conclure  que  I'amElioration  des  techniques 
faisant  appel  aux  ultrasons  nEcessite  I'augmentation  de  la  bande 
passante  des  transducteurs  sans  perte  de  sensibility,  aussi  bien 
pour  augmenter  la  rEsolution  pres  de  la  surface  des  pieces  que 
pour  obtenir  une  Evaluation  quantitative  des  dEfauts. 

3.  CONCEPTION  DE  TRANSDUCTEURS  A LARGE  BANDE 

En  Echographie  (fig.  1)  le  meme  transducteur  est  utilisE 
pour  gEnErer  I'onde  ultrasonore  et  pour  dEtecter  les  ondes  rEflE- 
chies  par  les  defauts,  on  utilise  done  pour  cela  des  transducteurs 
rEversibles.  Pour  simplifier  I'expose  on  s’intEressera  principale- 
ment  E leur  fonctionnement  en  Emetteur  sachant  que  le  fonc- 
tionnement  en  rEcepteur  est  analogue. 

Les  transducteurs  ultrasonores  utilisEs  en  controle  non 
destructif  utilisent  une  lame  piezoelectrique  comme  ElEment  de 
couplage  ElectromEcanique  (e’est  I’EIEment  qui  transforme 
I'Energie  Electrique  en  Energie  vib^atoire  et  inversement).  I Is 
sont  constituEs  principalement  de  (fig.  7)  : 

— la  lame  piEzoElectrique  (souvent  une  cEramique)  mEtallisEe 
sur  ses  deux  faces  pour  la  connexion  Electrique, 

— un  matEriau  sur  la  face  arriere  de  la  lame  piezoElectrique 
(son  role  est  d’amortir  la  vibration  de  la  lame  et  d'absorber 
I'onde  acoustique  Emise  vers  I'arriere), 

— une  face  avant  (ses  deux  roles  possibles  sont  : assurer  la 
protection  mecanique  de  la  lame  piezoelectrique  et  ameliorer 

le  transfert  acoustique  entre  cette  lame  et  le  milieu  de  couplage), 

— un  boitier  enfermant  le  tout. 


Face  arriere 


Fig.  7 — Constitution  d'un  transducteur  piezoelectrique. 

ConsidErons  pour  commencer  un  transducteur  composE 
uniquement  d'un  ElEment  piEzoElectrique  d'impEdance  ZQ  et 
d'une  face  arriere  d'impEdance  ZQ  (fig.  8).  Supposons  ce 
transducteur  immergE  dans  un  milieu  (le  milieu  de  propa- 
gation des  ultrasons  ou  milieu  de  couplage)  d'impEdance 
Z^.  Si  Ton  excite  I'EIEment  piEzoElectrique  par  une  impul- 


sion  yiectrique,  l'6nergie  fournie  par  le  gin^rateur  va  etre 
transformie  en  ynergie  acoustique  (ou  vibratoire)  ; sous 
certaines  hypotheses,  il  sera  cree  aux  niveaux  des  inter- 
faces quatre  impulsions  cie  pression  repr6sent£es  sur  la 
figure  8 [3,  4]  : 

• impulsion  (0)  prooortionnelle  e Za/{Za  + Zc ) se  pro- 
pageant vers  I'arriere,  cette  impulsion  devra  etre  absorb^e 
par  la  face  arriere, 

• impulsion  (1)  proportionneile  4 Z /KZ  + Zc ) se  pro- 
pageant vers  I’avant, 

• impulsion  (2)  proportionnelle  A ZCAZC  + Z^)  se  pro- 
pageant vers  I'arriere, 

• impulsion  (3)  proportionnelle  & Z„/(ZC  + ZM)  se 
propageant  vers  I'avant. 


arriere  piezoeiectrique  propagation 
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Fig.  8 - GMration  d’ impulsions  mecaniques  par  effet 
piezoeiectrique. 

Apres  reflexion  et  transmission  au  niveau  des  deux 
interfaces  de  i'eiement  piezoeiectrique,  les  impulsions  (1), 
(2)  et  (3)  donnent  au  niveau  de  la  face  avant  du  trans- 
ducteur,  en  fonction  du  temps,  une  pression  acoustique 
repr6sent£e  sur  la  figure  9.  On  constate  que  la  variation 
de  pression  est  quasi-p4riodique  (de  periodicity  4gale  au 
double  du  temps  de  propagation  dans  I'eiement  piezoelec - 
trique  et  constituartt  la  periode  nominale  : rN  = i ifN). 
La  duree  de  cette  variation  depend  des  coefficients  de 


On  peut  considerer  que  I'yiyment  piezoeiectrique  se 
comporte  comme  un  rysonateur  mecanique  excite  par 
I'impulsion  yiectrique,  La  dissipation  d'ynergie  de  ce  reso- 
nateur  est  principalement  due  au  rayonnement  acoustique 
par  la  face  arriere  (ynergie  perdue  parce  que  dissipee  dans 
le  materia1 1 constituant  cette  face)  et  par  la  face  avant 
(ynergie  utile).  On  peut  en  conclure  que  : 

(i)  I'efficacite  du  transducteur  depend  du  coefficient 
piezoeiectrique  (ou  du  facteur  de  couplage  eiectromeca- 
nique)  et  du  rapport  entre  I'energie  acoustique  transmise 


par  la  face  avant  a I'energie  acoustique  transmise  par  la 
face  arriere, 

(ii)  la  bande  passante  depend  du  rapport  de  I'energie 
rayonnee  a I'energie  m6canique  (ou  vibratoire)  emmaga 
sinee  dans  la  lame  piezoeiectrique  au  moment  ou  est  pro- 
duite  I'impulsion  eiectrique. 

Ces  considerations  permettent  d'envisager  d'augmenter 
la  bande  passante  des  transducteurs  en  cream  un  amortisse- 
ment  de  ('element  piezoeiectrique  au  niveau  de  sa  face  arriere 
ou/et  de  sa  face  avant. 


3.1.  Amortissement  par  la  face  arriere 


Fig.  10  - Reponses  de  transducteurs  (amortissement  par  h 
face  arriere). 

La  methode  la  plus  classique  consiste  & augmenter  le 
rayonnement  d'energie  par  la  face  arriere.  II  suffit  pour  cela 
d'augmenter  le  rapport  Z0/Zc,  le  rapport  optimal  pour  I'eiar- 
gissement  de  la  bande  passante  etant  1.  Cette  methode  a 
cependant  I'inconvenient  de  diminuer  I'energie  rayonnee  vers 
I'avant  done  I'efficacite  du  transducteur,  compte-tenu  du 
fait  que  les  impedances  de  I'eiement  piezoeiectrique  et  du 
milieu  de  propagation  sont  genyralement  fixees.  Pour  illustrer 
ce  phynomene,  nous  presentons  sur  la  figure  10  la  reponse 
en  pression  de  transducteurs  excites  par  une  impulsion  eiec- 
trique de  duree  egale  au  temps  de  propagation  d'une  onde 
acoustique  dans  I'epaisseur  de  I'eiement  piezoeiectrique 
(fig.  10  a).  Le  choix  de  cette  excitation  yiectrique  a ete 
effectue  pour  minimiser  dans  le  calcul  I'effet  des  tres  hautes 
frequences,  qui  dans  la  reality  sont  beaucoup  plus  vite  atte- 
nuees  que  les  basses  frequences.  Nous  ooservons  que  pour 
des  impedances  de  la  face  arriere  eievees  le  signal  est  plus 
bref  (done  la  bande  passante  plus  grande)  mais  son  ampli- 
tude est  plus  faible.  Ce  phynomene  est  encore  accentue  en 
echographie  quand  le  transducteur  est  utilise  en  ymetteur 
puis  recepteur  apres  reflexion  de  I'nrdre  ultrasonore  sur  un 
obstacle  (interface  de  la  piece  ou  d6faut).  Le  signal  detecte 
(s'il  y a eu  reflexion  parfaite  de  I'onde  ultrasonore,  par 
exemple  sur  un  plan  perpendiculaire  au  faisceau)  est  alors 
proportionnel  au  produit  de  convolution  de  la  fonction  pre- 
cedemment  calcuiee  (fig.  10)  par  elle-meme.  La  figure  11 
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presente  la  simulation  d'un  tel  cas  pour  les  memes  impedan- 
ces que  celles  utilisees  dans  la  figure  10.  La  figure  12  repre- 
sente la  reponse  spectrale  des  memes  transducteurs  que  pre- 
cedemment egaiement  dans  les  conditions  d'utilisation  de 
I'echographie.  Ces  reponses  sont  chacune  normalisees  en 
amplitude  pour  permettre  une  comparison  plus  aisee  des 
ban  des  passantes.  Nous  observons  6videmment  une  bande 
passantc  beaucoup  plus  ctroite  pour  Iss  transducteurs  dont 
fes  impedances  des  faces  arrieres  sont  faibles. 

Notons  que  la  reponse  spectrale  d'un  transducteur  au 
sens  rigoureux  du  terme  est  en  fait  prooortionnelle  e la 
racine  carr£e  de  ce!!e  rcpresentee  sur  la  figure  12.  Nous  avons 
choisi  cette  representation  car  elle  correspond  aux  conditions 
experimentales  utilisees  (par  exemple  pour  le  resultat  de  la 
figure  4),  done  factlite  la  comparaison  entre  la  theorie  et 
('experience. 
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Fig.  11  - Reponses  des  transducteurs  en  echographie  (amor- 
. ssement  par  la  face  arriere)  Zc/Z00  -18. 
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Fig.  12  - Reponses  spectrales  des  transducteurs  en  tchogra- 
phie  (amortissement  par  ia  face  arriere)  • 

ZJZm  = 18  - les  courbes  ont  ite  normalises  par 
rapport  a ieurs  maximums. 


3.2.  Amortissement  par  la  face  avant 

On  peut  egaiement  augmenter  le  rayonnement  d'^nergie 
uers  I'avant  par  I'utilisation  de  couches  adaptatrices  d'impe- 
dance  entre  I'el6ment  piezoeiectrique  et  le  milieu  de  propa- 
gation. On  sait  que  pour  une  onde  monochromatique,  on 
peut  augmenter  la  transmission  entre  deux  milieux  en  inter- 
calant  une  lame  entre  ces  deux  milieux.  La  transmission  sera 
maximale  pour  une  lame  d’impedance  egale  & ia  moyenne 
g4om6trique  des  impedances  des  deux  milieux  et  d'epaisseur 
egale  au  quart  de  la  longueur  d’onde.  C'est  un  principe  bien 
connu  et  largement  utilis£e  en  optique  par  exempie  ou  le 
traitement  des  lentilles  par  de  telies  couches  permet  une  bien 
meilleure  transmission.  Le  probleme  est  cependant  plus  com- 
plexe  pour  les  transducteurs  ultrasonores  pour  deux  raisons  : 

(i)  parce  que  les  rapports  des  impedances  des  milieux 
entre  lesquels  on  veut  ameiiorer  la  transmission  est  beaucoup 
plus  grand  (dans  le  cas  que  I'on  etudie  il  est  de  I'ordre  de 
20,  alors  que  en  optique  il  est  de  I'ordre  de  1,5), 

(ii)  parce  que  I'on  veut  ameiiorer  la  transmission  dans 
un  domaine  de  frequence  des  ultrasons  etendu  (transducteur 
£ large  bande). 

Dans  ce  cas  le  principe  expose  precedemment  n'est  plus 
valable;  pour  optimiser  de  telies  couches  adaptatrices  d'imp£- 
dance,  on  est  oblige  de  calculer  la  reponse  impulsionnelle 
d'un  transducteur  en  comportant.  Plusieurs  auteurs  [5,  6,  7] 
ont  aborde  ce  probleme  au  moyen  de  I'analogie  £lectrom£ca- 
nique  des  transducteurs  ultrasonores;  nous  avons  pr§f6re  [8] 
etudier  la  propagation  de  chaque  impulsion  de  pression  g£n£- 
ree  aux  interfaces  de  la  lame  piezoeiectrique  dans  un  milieu 
stratifie  pouvant  comporter  jusqu’£  cinq  couches  (le  milieu 
constituant  la  face  arriere  d'impedance  Z0,  la  lame  piezo- 
eiectrique d'impedance  Zc,  deux  couches  constituant  la  face 
avant  d'impedance  Z,  et  Z2  et  le  milieu  de  propagation 
d'impedance  Z^).  Ce  sont  ces  impulsions  qui  apres  propaga- 
tion dans  ces  differentes  couches  creent  le  champ  ultrasonore 
du  transducteur.  Nous  pourrons  ainsi  optimiser  theoriquement 
la  conception  d'un  transducteur  £ face  avant  multicouche. 

4.  CALCUL  DE  LA  REPONSE  D'UN  TRANSDUCTEUR 
4.1.  Principe  du  calcul 

Comme  nous  I'avons  expose  precedemment  une  excita- 
tion ilectrique  impulsionnelle  cree  aux  interfaces  de  la  lame 
piezoeiectrique  quatre  impulsions  de  pression  representees  sur 
la  figure  13  schematisant  le  transducteur.  Nous  supposerons 
toujours  que  la  face  arriere  est  tres  absorbante  et  done  que 
I'impulsion  (0)  qui  y est  cr£ee  r~t  completement  absorbee  et 
ne  peut  revenir  vers  I'avant.  Par  contre  les  impulsions  (1),  (2) 
et  (3)  vont  etre  tranomises  et  refiechies  £ chacune  des  inter- 
faces entre  les  differentes  couches  et  produiront  une  variation 
de  pression  dans  le  milieu  de  propagation.  A un  instant  donne 
la  pression  produite  par  le  transducteur  sera  done  egale  £ la 
somme  des  impulsions  qui  auront  mis  le  meme  temps  pour 
se  propager  depuis  leur  lieu  de  creation  jusqu'au  point  con- 
sider. II  est  done  necessaire  de  denombrer  tous  les  trajets 
possibles  de  propagation  de  chaque  impulsion  £ travers  les 
differentes  couches,  de  calculer  pour  chacun  d'eux  le  coeffi- 
cient de  transmission  et  le  temps  de  propagation.  Par  une 
sommation  £ chaque  instant  de  ces  differentes  impulsions 
on  obtient  la  reponse  impulsionnelle  du  transducteur.  Le 
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ditail  da  I*  modilisatlon  de  ce  calcul  «tt  txpoti  an 
(81.  La  principal*  difficult*  du  programme  d*  calcul  provient 
du  nomtor*  tr*a  Important  da  trafats  possibles,  lequel  a'acerolt 
da  manl*ra  exponential!*  an  fonction  da  la  longueur  daa 
trajat*  prb  an  compta  (ou  ca  qul  raviant  au  m*ma  an  fonc- 
tion du  tamp*  da  propagation).  Pour  donnar  un  ordra  da 
psndaur  da  ca  nombre,  II  auffit  da  pr*cisar  qua  pour  cal- 
cular  la  tamp*  da  r*pon*a  d'un  tal  transducteur  sur  un  in- 
tarvalla  da  tamps  *gal  i dix  foi*  la  p*rioda  nominal*  du 
traroductaur,  nou*  avora  pri*  an  compte  plus  da  10*  *.ajats 
dlff*rants. 
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Fig  13  - Schema  d'un  transducteur  i face  avant  d deux 
couches. 

A2.  Priaantation  da  qualqua*  rfoittats 

L*  figura  14  permat  la  comparaison  das  r* ponses  da 
transducteur!  * la  m*ma  excitation  qua  dans  la  cas  de  la 
figure  10.  Las  transducteur*  simuMa  par  ca  calcul  ont  un* 
fac*  entire  <fimp*dance  Z0/Z„  « 2 at  un*  lame  pi*zo*- 
lectriqua  d'imp*d»nce  ZJZ^  - 18.  Nou*  constatons  qua  la 
fait  da  rajouter  una  lame  cfimp*danc*  /,/?„,  - 2 at  d'4- 
paiasaur  a,  « X,/4  (ou  X,  ast  la  longueur  efonde  dans  la 
mat*riau  constituant  la  lam*  pour  la  frequence  nominate  du 
tranaducteur)  permat  d'amiliorer  4 la  foi*  la  temps  de  r*- 


Flg  14  - Risultats  de  cafcu/  ( ZJZ m » 18,  Z0/Zm  » 2). 
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pons*,  at  Tafficadt*  du  tranaducteur  d'un  rapport  au  moin* 
*gal  4 2.  Un*  fac*  avant  * deux  couches  - 8, 

Z^/Zm  • 2)  amillort  encore  I*  rjsulut  tant  an  tamp*  da 
rtpona*  qu'an  aansibilit*  (fig.  14  d).  Nous  pouvons  *gala- 
mant  observer  sur  la  figure  15  I'effet  da  cas  couches  sur  la 
r*ponse  spectral*  das  tranaducteur*  dans  lea  m*mas  conditions 
qua  cel  let  da  la  figura  12.  Comma  nous  la  varrona  par  la 
suit*  l‘lmp*danca  Zt  ■ 2,7  X Z„  pour  un*  fac*  avant  4 un* 
asula  couch*  ast  l*lmp*danca  optimal*.  La  form*  da  la  ri- 
pens* spectral*  da  la  figure  15  c peut  nous  fair*  suppotar 
qua  let  valeurs  daa  lmp*dar>ces  Z]  at  Z3  n*  torn  pas  las 
valaurs  optimal**. 


Fig  15  - Repom*  spectrafe  des  transducteurs  en  fchogra- 
phle  (ZJZ,.  - 18,  ZJZm  - 2). 


4-3.  Optimisation  das  trsnsductaurs 


C*  programme  de  calcul  permet  d'optimiser  In  imp*- 
dances  tt  In  4paisseurs  dn  different**  couchn  dont  nt 
rev*tu  un  traraducteur,  an  fonction  da  I'utilisation  qui  an 
aara  fait*.  La  figure  16  noua  permet  da  determiner  I'imp*- 
danca  optimaia  <f une  couche  unique  (^adaptation  au  niveau 
da  la  face  avant  du  traraducteur  darts  la  cn  oil  I'on  s' inte- 
rests 4 une  r< ports*  impulsionnelle  la  plus  courts  possible. 

On  peut  remarquer  qua  cetta  impedance  optimaia  dans  la 
cas  etudie  IZg/Za,  - 2,  ZQ/ZX  = 18)  est  egale  4 2,7  X Z„ 
In  impedancn  plus  faibles  entrainant  une  reponse  impulsion- 
nails  irauffisamment  amortie  at  In  impedancn  plus  fortn 
entrainant  une  reponse  impulsionnelle  ayant  dn  rebondisse- 
ments  qui  pauvent  frtre  tres  nefastn,  par  example  pour  d4- 
tecter  dn  defauts  pr4s  de  la  surface  d'une  piece.  L'epaisseur 
de  la  couch*  est  egale  darts  ee  cn  4 X,  /4,  ou  X,  nt  la  lon- 
gueur (fonde  dans  le  materiau  constituant  la  couche  pour  la 
frequence  nominate  du  traraducteur.  Nous  pouvore  remar- 
quer qua  ('optimisation  airai  obtenue  ne  correspond  pas  4 
cells  de  la  transmission  pour  une  onde  monochromatique  : 
cetta  optimisation  serait  en  effet  obtenue  pour  Z^/Z^  = 4. 


Fig  16  - Optimisation  de  Vimpidance  d'une  couche  unique. 
(ZJZoo  = 2,  ZJZ^  - 18). 


Da  la  m4me  mani4re,  l'epaisseur  de  la  couche  d'adap- 
tation  a une  importance  primordial*  sur  la  reponse  du  trans- 
ductaur.  On  sait  qua  pour  une  onde  monochromatique  la 
transmission  est  optimaia  pour  une  epaisseur  de  cette  couche 
de  Xt/4,  3 Xj/4,  5 X,/4,  ...;  ce  n'est  plus  vrai  poor  une 
onde  impulsionnelle.  Nous  pouvore  en  effet  observer  sur  les 


figure*  17  at  18  las  rS ponses  tempore! les  at  ipect rales  dare 
I*  cas  d'une  couch*  <f  impede  nee  2,7  X 2„  d'4paisseur  X(/4 
at  3 X»/4.  Nca  constatom  un  retr4cissement  important  de 
la  band*  peasants  correspondent  4 un  amortisSement  moire 
bon  at  das  rsbondisac.nants  de  la  rfponse  temporelle  dans 


Fig.  17  - Reponse  d'un  transducteur  dont  la  face  avant 

comporte  une  couche  d‘ impedance  Z\/Z„  = 2,7 
(ZJZ„  = 2 ; Zc/Z„  = 18)  ; (a)  e,  = X/4  / 

(b)  *i  » 3 \J4  (mime  condition  d’excltotlon  que 
figure  10). 


*N  » 


8i=Xt/4 


I 


It  cm  oil  l'*paitt*ur  wt  *gale  * 3 X,  /4. 

Un  autr*  txtmplt  (foptlmiaation  qu'il  at  poaiblt  d'tf- 
(tctutr  at  prts*nt*  tur  It  figure  19.  Pour  unt  ftet  tvtnt 
impo**e  per  da  contra ima  dt  fabrication  (dam  I'txampla 
choiti  catta  fact  avant  tat  conttitu**  <funt  lama  da  varra  at 
d’una  lama  da  rfeine  Epoxy),  il  paut  *tra  int*ra*sant  tfopti- 
misar  rimp*danca  da  la  fact  arriEra  pour  obtenir  una  forma 
da  la  rtponse  tpactrala  adapts  E ('utilisation  qui  atra  faita 
du  tranaductaur.  Pour  cartaina  applicationa  ou  il  tat  n*ce«- 
taire  d”  avoir  una  tr*s  bonna  sensibility  la  rEponse  da  la  fi- 
gure 19  a atra  la  plua  inttreaxanta.  Si  Ton  veut  una  rEpona 
tpactrala  plua  rEguliEre,  on  aara  par  contra  obiig*  (faugmen- 
tar  fimpEdanc*  da  la  fact  arriEra.  On  obtiant  alora  la  rEpon** 
tpactrala  prEsant**  tur  la  figure  19  c. 


h.  20j2m*6 


c.  Z0f  Z.=10 

Fig  19  - Ripom t spectralt  dt  transducers  d fact  avant 
d deux  couches  tn  foncthn  dt  I'lmpddanct  dt  la 
fact  arriirt. 


B.  COMPARAISOM  AVEC  DES  TRANSOUCTEURS  REELS 

Da  tranaductaun  ayant  da  faca  avant  compotEa  tfunt 
ou  daux  coucha  orrt  *t*  fabriquEt.  Laur  rtponaa  a *t*  mesurE* 
an  Echographi*  (comma  pour  la  figure  3).  La  figure  20  par- 
met  da  comparer  la  rfauttata  thEoriqua  aux  meturaj  corraa- 
pondantea.  Nous  obaarvona  un  accord  aatiafaiaant  compte  tanu 
da  phEnomEna  nEgligE*  (affat  piEroElectriqu*  invert*  par 
example). 


M Mean  <M  Catcul 


Una  coucha  2j/7_.  2 


<c)  Maura  Idl  Cafcul 

Daux  coucha  2,/Z^ - I ZyZ_  . 2 

Fig  20  - Comporahon  tntrt  Its  risultats  du  calcul  tt  dt  la 
mtsurt 

Catta  mEthode  da  calcul  peut  da  plua  dormer  dra  indi- 
cationa  tur  la  dEfauts  da  fabrication  da  trentducteurt.  Noua 
prEaenterora  un  taul  example  da  ca  cat  : aprEs  fabrication 
tfun  tranaductaur  i face  avant  i deux  coucha  quart -d'onde 
- 6,  Z,/Zm  - 10.  Z2/Z„  - 2 at  Zt/2„  - 18.  a,  - 
X,/4  at  tj  - Xj/4)  noua  avona  meaur4  u rEporoe  spectrale 
en  Echographi*, qui  eat  prEsentE*  tur  la  figure  21.  Noua  ob- 
aetvona  deux  pica  d'lnEgala  hauteur*  a lor*  qua  le  calcul 
prEvoit  deux  pica  (fEgala  hauteurs  (fig.  22  a).  Un  deuxiEm* 
calcul  effectu4  avec  la  m4ma  paramEtra  except*  l'*pai*seur 
da  la  coucha  (1)  qui  a *t*  prise  20%  plus  faibie  donne  un* 
rEpon**  ipectnle  pr*sent*e  sur  la  figure  22  b.  Noua  obser- 
vona  un*  diminution  important*  du  dauxi*me  pic  comma 
aur  la  rEpors*  experimental*.  Noua  pouvona  ainai  attribuer 
eatte  IrrEgularitE  de  la  rEponte  apactral*  du  tranaductaur 
rtalia*  E un*  imprecision  da  I'Epataseur  efune  da  coucha 
d*  la  fact  avant. 

Ramarqu*  • Slgnelons  pour  donnar  un*  id**  de  la  difficult* 
dt  fabrication  de  tela  tranaductaur*  qua  la  ccuche  (1)  dens 
la  ca  *tud(*  at  une  couch*  da  varra  da  300  pm  tfEpaiaaeur 


i 


'1 


(t  k oouche  (2)  ur*  eoucha  d*  r*slne  ipoxy  de  130  /rm 
(f4p*i*Hur,  ca  qui  explique  I'lmpr^cision  obtenue  <ur  In 
tpalswurs  da  en  couch  as. 


FJf  21  - Riponse  spectra/e  mesurie  d'un  transducteur  d 

fact  avant  d deux  couches  (ZJZ^  - 6,  Zy/Z^  * 
10,  Z2IZ„  - 2,  ZJZ"  - 18  ; a,  - \y/4,  e7  - 
>*/*)■ 


Fig.  22  - Riponse  spectra/e  calculie  : (a)  transducteur  de 
caroctirlstiques  identiques  d figure  21  ; (b)  tram 
ducttvr  de  mimes  caractirist/ques  sauf  e,  - 
0,8  (Xy/4). 


8.  CONCLUSIONS 

Ln  rfaultats  obtenus  tant  par  la  calcul  qua  par  In 
pram  14m  realisations  da  transducteur*  ultfatonoret  k face 
annt  multicouche  permanent  de  conclure  qua  da  tela  trara- 
ductaun  aurortt  una  mellleure  efficaciti  at  une  meilleure 
band*  panante  qua  In  transducteur*  de  conception  danique. 
Caci  permettra  da  risoudre  un  certain  nombre  da  probtimei 
qui  n potent  en  contrdle  non  dettructif  par  ultratons  (aug- 
mentation de  la  resolution  prit  da  la  surface  dn  pieces, 
detection  de  default  plus  patits,  ...). 

La  mAthode  da  calcul  presentee  per  met  de  guider  la 
realisation  da  tell  transducteurs  qui  seront  adapter  aux  appli- 
cations envisage*,  tfune  part  en  foumissant  par  une  etude 
parametriqua  In  caracterittiqun  de  fabrication  at  d'autre 
part  an  permettant  I'interpretation  de  leurs  re  ponses  mnuren, 
an  fond  ion  dn  defauts  da  fabrication. 
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Oct  74,  181p.  Rept  n°  UARL-  N991208-36 

The  theoretical  and  experimental  work,  performed  during  a three  year  study  concerned 
Holography.  Nondestructive  testing.  Airframes.  Structures.  Surface  roughness.  Compressor  blades. 
Adhesive  bonding.  Cracks.  Detection.  Strain  Mechanics.  14  02.14  05.01  03.73  04.82  01.51  03. 

NTISDODAF 

Radiography.  Fluorescent  screens.  Nondestructive  testings  X ray  photography.  Photographic  materials. 
Photographic  contrast.  Photographic  images.  Aluminium  alloys.  Titanium  alloys.  Honeycomb  cores. 
Fractography.  Turbine  blade. 


N78-22101/7SL.  CA-TLSE 

IN-PLACE  RECALIBRATION  TECHNIQUE  APPLIED  TO  A CAPACITANCE-TYPE  SYSTEM  FOP.  MEASURING  ROTOR  BLADE 
TIP  CLEARANCE 
Earranger  (J.P.)  . 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio 
Apr  78,  35p.  NASA-TP-1 1 10,  E-9395. 

The  rotor  blade  tip  clearance  measurement  system  consists  of  a capacitance  sensing  probe  with  self  con- 
tained tuning  elements,  a connecting  coaxial  cable,  and  remotely  located  electronics.  Tests  show  that 
the  accuracy  of  the  system  suffers  from  a strong  dependence  on  probe  tip  temperature 
Blade  tips.  Clearances.  Rotor  blades  Turbomachinery.  Capacitance.  Calibrating.  Coaxial  cables. 

Jet  engines.  Nondestructive  tests.  Sensors.  Transducers.  21  05.81  04 

NTISNASA 


N78-1 1991/4SL  CA-TLSE 

LA  RECHERCHE  AEROSPATIALE  Bi-Monthly  Bulletin  N°  1977-2. 

European  Space  Agency,  Paris  (France) 

Tran-Transl.  into  English  of  Ic  Rech.  Aerospatiale,  Bull,  bimestriel  (Paris). 

N°  1977-2,  Mar.  Apr  1977  p.  67-132.  Misc-original  French  Report  Available  from  ONERA,  Paris,  FF  30. 
SeF  77.  181  p.  ESA-TT-408 
No  abstract 

Acoustic  emission.  Boundary  layer  transition.  Holographic  interferometry.  Thermosetting  resins. 
Trajectory  optimization.  Cascade  flow.  Compressibility  effects.  Fluid  mechanics.  Incompressible 
boundary  layer.  Structural  analysis.  Switching  theory.  Turbine  blades.  Turbulent  jets.  01  01.22 

03.11  09.05  01.51  01.84  04.71  15. 

Translations.  France.  NTISNASAT. 
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1T74-I21  07/2  HD 

FLIGHT  MONITOR  FOR  JET  ENGINE  DISK  CRACKS  AND  THE  USE  OF  CRITICAL  LENGTH  CRITERION  OF  FRACTURE 

MECHANICS 

Bar  ranger  (J,P.)  . 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio. 

Nov  73.  21  p.  NASA-TN-D-  7183,  B-7570. 

A disk  crack  detector  is  discussed  which  is  intended  to  operate  under  flight  conditions.  It  monitors 
the  disk  rim  for  surface  cracks  emanating  from  the  blade  root  interface.  An  eddy  currant  type  sensor, 
with  a remotely  located  capacitance/conductance  bridge  and  signal  analyzer,  can  reliably  detect  a 
simulated  crack  3en  long. 

Crack  propagation.  Eddy  currents.  Non  destructive  tests.  Rotating  disks.  Fracture  mechanics.  Jet 
engines.  Surface  cracks.  Turoocoopressors . 

NASA. 


M-76-221487 

MAGNETIC  POWDER  MONITORING  OF  AIRCRAFT  ENGINE  BLADES 
Aleksandrov  (A.G.)  , Shelllkhov  (G.S.) 

Dafektoakoplya,  Jan.  Feb.  1976  (1)  , 81-85  (Russian) 

Turbine  blades.  Nondestructive  testing.  Magnetic  particle  testing. 


II.  IOTEURS  NON  EXPLICITEKENT  D'AVIONS 


A-77-046815  CA-TLSE 

■OLOGRAPHIC  TESTING  IN  THE  INDUSTRIAL  ENVIRONMENT. 

Nlcholls  (D.W.) 

Society  for  Experimental  Stress  Analysis, 

Spring  Heating,  Dallas,  Tax.  May  15-28  1977,  Paper.  18  p. 

Non  destructive  tests.  Engine  parts.  Structural  Members.  Turbines.  Holography. 


A-77-037645 

ADVANCED  NONDESTRUCTIVE  INSPECTION  TECHNIQUES  AS  APPLIED  TO  FRACTURE  MECHANICS  DESIGN  FOR  TURBINE 
ENGINE  COMPONENTS. 

Packman  (P.F.) 

American  Society  of  Mechanical  Engineers,  New  York. 

Fatigue  life  technology,  Proceedings  of  the  Symposium,  Philadelphia,  Pa.  March  27-31  1977,  p.  95-116, 
19  ref.  Contract  N*  F44626-76-0-0042 . 

Nondestructive  tests.  Gas  Turbine  Engines.  Fracture  Strength.  Engine  Testa.  Engine  parts. 


A-77-030173  CA-TLSE 

JET  ENGINE  ISOTOPE  INSPECTION 
Guillen  (J.A.) 

Norld  Conference  on  Nondestructive  Testing,  8th  , Cannes,  France,  September  6-11  1976,  Proceedings. 
Paris,  Institut  de  Soudure,  1976,  Section  58,  Paper  58-6.  8 p. 

Nondestructive  tests.  Radiography.  Radioactive  isotopes.  Engine  tests.  Jet  engines.  Iridium  isotopes. 


A-76-032141  MD 

DEVELOPMENT  OF  STRESS  ENHANCED  ULTRASONIC  COMPRESSOR  BLADE  INSPECTION  EQUIPMENT 
Lake  (N.N.),  Thorp  (J.)  , Barton  (J.R.)  , Perry  (W.D.) 

Southwest  Research  Institute,  San  Antonio,  Tex, 

Symposium  on  Nondestructive  Evaluation,  10th,  San  Antonio,  Tex.  April  23-25,  1975,  Proceedings 
p.  181-193,  8 refs.  Grant  N*  DAAJ01-73-C-0881 . 

Gas  turbine  engines.  Ultrasonic  tests.  Compressor  blades.  Engine  tests. 


A- 75 -046564 

PROTON  RADIOGRAPHIC  DETECTION  OF  MICROPOROSITY  IN  AERO-ENGINE  TURBINE  CASTINGS. 

Stafford  (P.)  , Shervood  (A.C.)  , Nest  (D.) 

Non  destructive  Testing 
Vol  8 Oct  1975,  p.  235-240 

Beat  resistant  alloys.  Turbine  blades.  Cast  alloys.  Nondestructive  tests.  Microporosity.  Proton 
irradiation. 


A- 74-04 3 166 

TURBINE  BLADE  INSPECTION 
Erf  (R.K. ) 

New  York  , Academic  Press,  Inc. 

1974,  p.  343-354,  7 ref.  (A74-431S1  22-14).  Contract  N*  N00019-69-C-0271. 

Turbine  blade  inspection  via  holographic  intarfercoetry . 

Turbine  blades.  Nondestructive  tests.  Vibration  measurement.  Holographic  interferometry. 


A-74-027452  MD 

PA  HAMSTER  SELECTION  FOR  MULTIPLE  FAULT  DIAGNOSTICS  OF  GAS  TURBINE  ENGINES. 

Urban  (L.A.) 

American  Society  of  Mechanical  Engineers,  Gas  Turbine  Conference  and  Products  Show,  Zurich,  Switzerland, 
Mar  30  Apr  4,  1974,  Paper  74-GT-62,  6p. 

Parameter  selection  for  multiple  fault  diagnostics  of  gas  turbine  engines.  5ASME  paper  74-GT-620 

Gas  turbine  engines.  Thermodynamic  cycles.  Engine  monitoring  instruments.  Nondestructive  testa. 

Engine  analyzers. 


*-74-027444  MD 

RESIDUAL  STRESSES  IN  G*S  TURBINE  ENGINE  COMPONENTS  FROM  BORXHAUSEN  NOISE  ANALYSIS. 

Barton  (J.R.) , Kusenberger  (F.N.) 

American  Society  of  Mechanical  Engineer*,  Gas  Turbine  Conference  and  Products  Show,  Zurich,  Switzerland 
Mar  30,  Apr  4,  1974,  Paper  74-GT-51,  9 p.  22  ref. 

Residual  stresses  in  gas  turbine  engine  components  from  Borkhausen  noise  analysis.  5ASKE  Paper  74-GT-510 
Gas  Turbine  Engines.  Stress  Measurement.  Nondestructive  tests.  Residual  stress.  Engine  parts.  Engine  noise. 


A-74-027417  MD 

DIAGNOSTIC  SONICS  FOR  GAS  TURBINE  ENGINES 
Zabrlskie  (C.J.) 

American  Society  of  Mechanical  Engineers.  Gas  Turbina  Conference  and  Products  Show,  Zurich, 

Switzerland 

Mar  30  Apr  4,  1974,  Paper  74-GT-18,  10  p. 

Diagnostic  sonics  for  gas  turbine  engines  5ASWE  Paper  74-GT-180. 

Sonograms.  Gas  turbine  engines.  Engine  monitoring  instruments.  Nondestructive  tests.  Acoustic  measurements. 


A- 74-01 6480  TLSE 

NON  DESTRUCTIVE  INSPECTION  OF  TITANIUM  JET  ENGINE  DISKS 
Vicki  (F.J.) 

Proceedings  of  the  Second  International  Conference,  Cambridge,  Mass. 

May  2-5  1972,  Volume  1 (A74-16444-05-17)  New  York,  Planum  Press,  p.  733-741 
Non  destructive  inspection  of  titanium  jat  engine  disks. 

Jet  engines.  Non-destructive  tests.  Titanium  alloys.  Engine  parts. 


AD-A043  959/6SL  CA-TLSE 

ULTRASONIC  INSPECTION  OF  CERAMICS  CONTAINING  SMALL  FLOWS.  Final  Technical  Rapt. 

19  Feb  76  18  reb  77 

Dexkecs  (T.).  Matey  (I.M.),  Brentnall  (W.D.) 

TRW  Inc  Cleveland  Ohio,  Contract  N*  622269-76-C-0148 
Mar  77,  77  p.  Rept  n*  TRW-ER-7867-F 

A 45  Ms  ultrasonic  shear  wave  technique  was  developed  and  evaluated  for  detection  of  small  defects. 
Ceramic  materials.  Defects  Materials.  Ultrasonic  tests.  Nondestructive  testing.  High  Frequency.  Gaa 
turbines.  Silicon  carbides.  Silicon  nitrides.  Boron.  Doping.  Bot  pressing.  Sintering.  Fracture  Mechanics. 
Fleaural  strength.  Shear  stresses.  Surface  finishing.  Fractography.  11  02.21  05.14  02.71  04.94  10.81 

Oaralloy  147*.  NTISDODXA 


AD-A040  333/7SL  CA-TLSE 

A COMPARISON  OF  VARIOUS  NON-DESTRUCTIVE  INSPECTION  PROCESSES  USING  BOT  I SO  STATICALLY  PRESSED  PONDER 
TURBINE  PARTS. 

Final  rept.  Jun  75  - Jun  76 
Nulk  (D.E.) 

General  Electric  Co  Lynn  Mass  Aircraft  Engine  Group 
Contract  0AAJO1-75-C  0894 
Dec  76.  173  p. 

Four  emerging  NDE  (non  destructive  evaluation)  processes. 

Non  destructive  tasting.  Turbine  parts.  Powder  metallurgy.  Hot  pressing.  Isostatic  pressing.  Gas 
turbines.  Turboshaft  engines.  Cracks.  Defects  materials.  Surface  analysis.  Paraslty.  Ultrasonic  Inspection. 
Fluorescence.  Holography.  Acoustic  detection.  Neutron  radiography.  Camp ton  scattering.  14  02.21  05.54 
10.81  04. 

T-700  engines.  Nlcket  alloy  Rene  95  . NTISDCDXA 


AD-A023  246/7SL  MD 

MELDED  ROTOR  INSPECTION  DEVELOPMENT  PROJECT  T55-J-827 

Final  rept.  1 Jun  75  15  Mar  76 

Jain  Sushlal,  Strautaan  Victor,  Jodcn  Paul 

Avcc  Lycoming  Div  Stratford  Conn 

Contract  DAAJ01-75-C-0339 

IS  Mar  76.  64  p . Rept  n*  LYC-76-16 

The  results  of  this  project  show  that  the  pulse-echo  techniques  used  in  ultrasonic  testing  offers  the 
beat  resolution  and  flow  detectability  on  a welded  rotor  shaft.  Based  on  these  results,  detailed  procedures 
haw*  been  established  defining  acceptance  criteria  and  equipment  used.  This  project  also  covered 
Ultrasonic  tests.  Nondestructive  testing.  Gas  turbine  rotors.  Welds.  Acoustic  emissions.  Welded  joints. 

Gas  turbinas.  Electron  beam  walding.  Inertia  21  05.14  02.81  04.73  01 

NTISDODXA 


AD-A027  357/3SL  KD 

NONDESTRUCTIVE  EVALUATION  OF  CERAMICS 
Pinal  technical  rept.  20  Jan  75  19  Apr  76 

Dtrkacs  (T.).  Matay  (I.M.)  , Brentnall  (H.D.) 

TRW  Inc  Cleveland  Ohio  , Contract  N"  0019-75-C-  0230 
19  May  76,  124  p.  Rapt  n*  THW-BR-7798-F 

An  ultrasonic  nondestructive  evaluation  (UNDE)  techniques  was  developed  to  successfully  detect  small 
defects  in  gas  turbine  quality  ceramic  materials.  A high  frequency  (25-45  KHz),  longitudinal  wave  mode, 
pulse- re flection . 

Gas  turbines.  Ultrasonic  tests.  Silicon  carbides.  Silicon  nitrides.  Nondestructive  tasting.  High 
frequency.  Ultrasonics.  Flexural  strength.  Hot  pressing.  Defects  materials.  Fracture  mechanics. 

Bonding.  Sintering.  11  02.71  04.73  01 

Refractory  materials  . NTISDODXA 


AD-A0O8  273/5SL  MD 

DEVELOPMENT  OF  NONOE  STRUCT  I VE  INSPECTION  EQUIPMENT  FOR  JET  ENGINE  COMPRESSOR  BLADES 
Final  Rept.  21  Aug  73  - 31  Jan  75. 

Perry  (W.D.)  , Silvus  (H.S.),  Barton  (J.R.) 

Southwest  Research  Inst  San  Antonio  Tax  Army  Aviation  Systems  Command,  St.  Louis,  Mo 
Contract  DAAJO1-73-C-0881. 

Feb.  75,  60  p.  Rept  N"  SWRI-15-3707 

The  report  presents  the  results  of  a program  to  develop  a prototype  system  to  semi -automatically 
inspect  compressor  blades  using  the  "stress  enhanced  ultrasonic  method"  . 

Non  destructive  testing.  Compressor  blades.  Ultrasonic  tests.  Ultrasonic  inspection.  Jet  engines. 
Cracks.  Fatigue  mechanics.  Test  equipment.  13  08.21  05.14  02.73  01.94  02.81  04. 

T-53  engines.  NTISDODA 


AD-769  317/9  MD 

PROBLEMS  OF  DYNAMICS  AND  DURABILITY. 

Number  229,  1972  (selected  articles) 

Pal lei  (Z.S.) j Plvovarov  (V.A.) 

Foreign  Technology  Div  Wright-Patterson  t. FB,  Ohio, 

18.  Edited  machine  trans.  of  Voprosy  Dinamiki  i Prochnosti  (USSR)  n*  229  p.  1-74  1972,  by  Robert 
Allen  Potts. 

27  Sep  73,  74  p.  Rept  n*  FTD- MT-24-6 60-73. 

Predicting  the  service  life  of  the  rotor  blades  of  turbines  on  the  basis  of  equivalent  bench  tests.  Pre- 
dicting the  service  life  of  turbine  rotor  blades.  Analysis  of  the  failures  of  turbine  rotor  blade. 

Gas  turbine  blades.  Performance  Engineering.  Life  Durability.  Rotor  blades  Turbomachinery.  Gas  turbines. 
Failure.  Thermal  properties.  Oscillation.  Nondestructive  testing.  USSR.  Translations. 

AF. 


77-32471/3SL  CA-TLSE 

HOLOGRAPHY  AND  APPLICATIONS  ( GENERAL  I TES  SUR  L* HOLOGRAPH IE  ET  SES  APPLICATIONS) 

Smiglelski  (P.) 

Instltut  Franco-allemand  de  recherches,  St  Louis  (France) . 

Conf-presented  at  the  conf.  On  inform,  sur  les  Appl . de  I ' Holographic  au  controls  non  destructif, 
Paris  22  Jun  1976.  Language  in  French 
30  Aug  76,  44  p.  ISL-CO- 209/76 

A review  of  the  history  and  physical  principles  of  holography  is  presented. 

Applications  using  interferometric  holography  are  discussed  with  regard  to  nondestructive  tests, 
dimensional  control,  dynamic  measurement  of  deformation. 

Holographic  interferometry.  Non  destructive  tests.  Holography.  Deformation. 

Hydrodynamics.  Turvine  blades.  14  05.21  05.14  02.82  01.94  10 

France.  NTISNASAE 


N76-33S26/4SL  MD 

INSPECTION  OF  COMPOSITES  USING  A COMPUTER-BASED  REAL  TIME  RADIOGRAPHIC  FACILITY 
Roberts  (E.J),  Vary  (A.) 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Canter,  Cleveland,  Ohio 
Conf-Ptesentdd  at  the  2D  Conf.  on  Automated  Inspection  and  Product  Control,  Oiicago,  19-21  Oct  1976 
1976  12p.  NASA-TM-X-73504 

A radiographic  inspection  facility  was  developed  at  the  NASA  Lewis 

Composite  materials.  Gas  turbine  engines.  Radiography.  Research  facilities.  Digital  computers.  Epoxy 
resins.  Imaging  techniques.  Real  time  operation.  Ring  structures.  Ultrasonic  rests.  X ray  analysis.  21 
05.11  04.14  02.81  04.71  06.84  10 

Non  destructive  testing.  Diagnostic  equipment.  OTISNASA 


/ 


M 


AML-MSD-78-5  CA-TLSE 

MOM  OBSTRUCTIVE  EVALUATION  TECHNIQUES  FOR  HIGH  TEMPERATURE  CERAMIC  COMPONENTS 

Quarterly  Report,  January-  March  1978 

Argonn*  National  Lab.  Ill  Department  of  Energy. 

Contract  W-31-109-ENG-38. 

Mar  78,  19p. 

•ilha  uaa  of  holographic  interferometry  technique*  for  tha  nondestructive  avaluatlon  of  ceramic  haat 
arch  an  gar  tubas  and  caraaic  rotors  for  high  tamparatura  (avov*  1200  exp  0 C)  . 

Poaail-fual  power  plants.  Baat  axchangars.  Tubas.  Caraalcs.  Gar  tuxblnas.  Holography.  Intarfarcaatry. 
Nondastructlva  tasting.  Research  programs.  Vary  high  temperature.  10  02.14  02.11  02.10  01.21  OS. 13 

11.94  10.97  09.94  09.97  12.81  04.  ERDA/200104.  ERDA/420500.  Electric  power  plants.  Gas  turbine 

rotors.  NTISDE. 


0CRL-78280  ARC 

PLASH  RADIOGRAPHIC  TECHNIQUE  APPLIED  TO  FUEL  INJECTOR  SPRAYS 

BahKK.L.),  Van  tine  (H.C.) 

California  Unlv.  Livermore,  Lawrence  Livermore  lab.  Energy  Rasearch  and  Development  Administration. 
Contract  N.740S-eng~48.  American  Society  for  Nondestructive  Testing  Flash  X-Ray  Symposium,  Houston, 

TNxaa,  United  state a of  America  (USA),  27  Sap  1976.  Jun  76  17  p.  C0NF-760914-4 

A flash  radiographic  technique,  uelnq  50  na  exposure  times,  was  used  to  study  tha  pattern  and  density  dla 
Fuel  injection  systems.  Furnaces.  Gas  turbines.  Internal  combustion  anginas.  Density.  Distribution. 
Droplets.  Sprays.  X-ray  raciography.  21  05.21  07.87  04.81  10 

ERDA/330100.  ERDA/420500.  ERDA/421000.  NTISERDA 

N-78-220792 

USE  OF  A SEMI -AUTOMATED  EDDY  CURRENT  INSPECTION  SYSTEM  ON  AN  INCOLOY  901  MATERIAL 
Lewis  (R.R.) 

ASMT  37th  National  Pall  Conference.  ASNT,  Colunbus,  Ohio.  1977,  410-421.  (English). 

Nickel  base  alloys.  Nondestructive  testing.  Superalloys.  Eddy  current  tasting.  Jet  anginas . Turbinas. 
Cracks,  Incoloy  901  NI.  SP 


N- 78-220764 

ACOUSTIC  EMISSION  FLOW  DETECTION  IN  TURBINE  COMPRESSOR  BLADES 
Green  (A.T.),  FricJce r (R.) , Weir  (D.B.) 

ASNT  37th  National  Fall  Conference.  ASNT,  Columbus,  Ohio  1977,  19-21  . (English). 
Turbina  Blades.  Nondestructive  tasting.  Acoustic  amission. 


M- 78-220761 

CRACK  DETECTION  BY  HOLOGRAM  INTERFEROMETRY 
Zarutakll  (M.A.) 

Sov.  Phya.  Tech.  Phys.  May  1977,  47,  (5)  , 641-642  (English). 
Holography.  Crack  propagation.  Turbina  blades.  Plow  detection. 


M-78-220588 

COMPOSITE  FAN  BLADES  CAN  BE  INSPECTED  HOLOGRAPHICALLY 
Delgrosso  (E.J.);  Carlson  (C.E.) 

Automot.  Eng.  Dec.  1977,  65  (12)  , 62-65  (English). 

Turbina  blades.  Nondestructive  testing.  Titanium  base  alloys.  Composite  materials.  Baron.  Aluminium 
Holography.  T1-6A1-4V.  TT. 


N- 78-220240 

POSSIBILITIES  OF  LOW  TEMPERATURE  RADIOGRAPHY 
Kaor  (P.) 

Br.  J.  Non-destr.  Test.  Sep  1977,  19  (5)  , 239-241.  (English). 

Turbine  blades  . Nondestructive  testing.  Radiography.  Low  temperature. 


H-77-221371 

INSPECTION  OF  JET  ENGINES  WITH  ISOTOPES 
Martlnex  (J.A.G.) 

Nondestructive  Testing.  Asoc  Eepanolo  Paro  el  Control  de  la  Calldad,  Bilbao. 1976-  121-125  (Spanish) . 
Jet  engines.  Nondestructive  testing.  Inspection.  Radiography.  Radioisotopes. 


\ 


*-77-221375 

INSPECTION  OP  JET  ENGINES  WITH  THE  BOBO  SCOPE 
Rubio  (J.) 

Nondestructive  tatting.  Aaoc  Et panel*  P*ro  <1  control  da  It  Calidad,  Bilbao  1976, 
157-163  {Spanish) . 

Jat  anginas.  Nondestructive  tasting.  Inapaction.  Halntananca 


*-77-220985 

INSPECTION  OP  WLDS  BY  AN  ACOUSTIC-EXISSICN  METHOD  DURING  ELECTRON-BEAN  MELDING. 

Bolotin  (Y.I.)  , Balov  (V.M.) 

Scar.  Proizvod.  Apr  1976  (4) , 29-31  (Russian) . 

Ch realm  steals.  Welding.  Electron  beam  welding.  Welded  joints.  Nondestructive  tasting.  Turbina 
blades.  Acoustic  enission. 


H-77-220033 

PROVOCATIVE  TECHNIQUES  IN  THERMAL  NOT  IMAGING. 

Tnszek  (G.J.),  Balk  (S.) 

Mazer.  Eval.  , Auf.  1976,  34,  (8),  173-176  (English). 

Turbina  blades.  Nondestructive  tatting.  Thermal  radiation.  Plow  detection. 


*-76-220981 

TESTING  COMPLEX-SHAPED  PARTS  BY  THE  ULTRASONIC  ECHO  METHODS 
Shralber  (D.S.) 

DefSktoakopiga.  Nov.-  Dec  1975  (6)  17-25  (Russian) 

Turbina  blades.  Nondestructive  tasting.  Ultrasonic  tasting. 


*-76-220292 

APPARATUS  FOR  MEASURING  BLADE  DISPLACEMENTS  IN  FULL-SCALE  TURBODYNAMO  DISCS. 

Ostopchuk  (II) 

Pnobl.  Frachn.  Sap  1975  (9)  100-101  (Russian) 
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defects  and  cracks. 


A considerable  amount  of  research  work  has  been  done  throughout  the  world  in  this  field 
and  has  led  to  the  development  of  various  methods;  ultrasonic,  magnetometer,  X-ray.  New 
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emphasis  on  the  intrinsic  possibilities  and  present  limitations  of  the  non-destructive  inspec- 
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